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 Graphene nanoribbons (GNRs) are regarded as a promising channel material for 
future field-effect transistors beyond CMOS technology based on silicon. However, 
realization of GNRs at defined positions from bottom-up approaches is not well 
explored and typical approaches to top-down positioning of GNRs are incompatible 
with the achievement of high-quality edges that play a vital role in the electronic 
transport properties of the graphene ribbon. Therefore the development of 
well-controlled approaches to achieve graphitic ribbons with defined positions and 
edges, which is an ideal starting material for GNR device fabrication, is of timely 
importance. In this thesis, we explore two approaches. 
 From a bottom-up approach, we aimed to fabricate collapsed graphene tubular 
structures on metal nanowire templates. The positions of these graphene tubular 
structures could be defined by the templates. A process was developed to synthesize 
tubular graphene structures by chemical vapor deposition on Ni nanowire templates 
using ethylene. Unlike carbon nanotubes that are synthesized via conventional routes, 
the number of graphene layers is determined by the growth time and is independent of 
the tube diameter and tube length, which follow those of the nanowire template. This 
allows us to realize large-diameter tubes with shells comprising a few or many layers 
of graphene as desired. Thin graphene layers are observed to be highly crystalline, 
and of uniform thickness throughout the length of the nanowire. Raman analysis 
shows the presence of a small level of defects typical of CVD-grown graphene. In 
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addition, this graphene tubular structure on Ni nanowire can potentially be unzipped 
yielding open-edge graphitic ribbons. The metallic core could be removed by 
chemical etching to result in a collapsed tube. Back-gated field-effect transistor 
measurements were conducted on the collapsed graphene tube. 
 From a top-down approach, graphitic ribbon structures were fabricated by a 
controlled Co-assisted chemical etching process. Thin-film Co is used to etch graphite 
at a high temperature in a hydrogen environment. During etching, the Co could fill the 
hexagonal or triangle etch-pits that progressively enlarge, before finally balling up, 
leaving well-defined etched edges. The morphology and chirality of the etched edges 
have been carefully studied by transmission electron microscopy and Raman analysis, 
the latter indicating zigzag edges. By introducing defects to graphite using an oxygen 
plasma or by utilizing the edges of graphene/graphite flakes (which are considered as 
defects), we demonstrated the ability to define the position of the etched edges. Based 
on these results, we successfully etched graphite strips from the edges and fabricated 
graphitic ribbons enclosed by purely zigzag edges. These graphitic ribbons fabricated 
could potentially be isolated layer by layer and transferred to a device substrate for 
further processing into GNR transistors.  
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Chapter 1 Introduction 
1.1 Background 
 Graphene, a single-atom-thick layer of carbon bonded in a honeycomb lattice, has 
been the subject of one of the hottest research areas in condensed-matter physics and 
materials science since its isolation in 2004.1 The remarkable properties of graphene, 
such as room temperature quantum Hall effect,2-4 a tunable bandgap,5 extremely high 
mobility1 and high elasticity,6 have prompted researchers to investigate applications of 
this material, in particular, for graphene-based electronics. Graphene has been 
regarded as a potential alternative channel material to Si to achieve high performance 
CMOS transistors at ≤ 16 nm node according to the International Technology 
Roadmap for Semiconductors∗. Remarkably, within just a few years, graphene-based 
transistors have been demonstrated with operating frequencies above 100GHz,7 and 
more recently, a graphene-based RF integrated circuit was demonstrated.8 
 However, graphene lacks a bandgap, which means that field-effect transistors 
based on graphene as-is end up with poor current on-to-off ratios if they were to be 
used as logic switches.9 Researchers have thus sought to open a bandgap in graphene 
through various means, such as by straining graphene asymmetrically,10 by applying 
an electric field across bilayer graphene,12-13 or by constraining graphene in one 
dimension in the form of graphene nanoribbons (GNRs).11 GNRs have been 
theoretically predicted to be semiconducting14 with a bandgap that depends on the 
                                                        
∗ ITRS, 2009 Edition： http://public.itrs.net/links/2009ITRS/Home2009.htm 
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narrowness and chirality of the ribbon, as well as edge effects.5 
 Presently there are two basic strategies to fabricate graphene nanoribbons: 
bottom-up and top-down. Bottom-up approaches, or more specifically, chemical 
routes, can yield high quality GNRs with well-defined edges. For instance, GNRs 
with defined edge geometries can be synthesized through coupling of aromatic 
monomers.15 Another example is the sonochemical method that produces GNRs 
through chemical exfoliation and sonication.16 Field effect transistors based on sub-10 
nm GNRs from this method have been shown to exhibit high on–off ratios of about 
107 at room temperature.16 However, such material will need to be positioned 
accurately for subsequent processing into devices, a procedure that is highly 
challenging and does not appear to be scalable at the present time. 
 An alternative method to achieve positioning of GNRs is to grow graphene on 
predefined templates. In the recent few years, there have been a number of reports on 
chemical vapor deposition (CVD) growth of graphene on metal substrates, such as 
Ir,17 Ru,18 Cu,19 Ni,20 Pt21 and so on. Depending on the metal, the substrate could then 
be removed by wet etching. While graphene growth on planar substrates has received 
significant attention, different approaches to the formation of tubular graphene have 
been relatively less explored, with limited options for realizing such structures. Thus 
far, tubular graphene is commonly conceived as carbon nanotubes (CNTs). As the 
number of carbon layers in a CNT is strongly influenced by its diameter which, in 
turn, is determined by the size of the catalyst, single-walled CNTs are typically at 
most 2~5 nm in diameter22 while larger-diameter CNTs are usually multi-walled with 
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typical diameters that range between 2~100 nm.23 Growth of single or few-layer 
graphene onto nanowire template remained elusive. Tube growth based on templates 
has the potential for defining the alignment of the grown tube, which follows that of 
the nanowire template. The metal nanowire core could be removed yielding collapsed 
tubes or closed-edge graphitic ribbons that can exhibit enhanced conductivity.24 
 On the other hand, the top-down approach covers diverse methodologies with 
ease of graphene ribbon positioning.25 Typical top-down methods like graphite surface 
modification induced by a constant bias on a scanning tunneling microscope (STM) 
tip,6,26 graphene scratching27 or local anodic oxidation28-29 by atomic force microscope 
(AFM), oxygen plasma etching based on lithographic methods using patterned resist30 
or even nanowires31 as protective mask, precise etching using helium ion microscope 
(HeIM),32 and unzipping carbon nanotube by direct plasma etching33 or oxidation 
process,34-36 have been explored for GNR fabrication. 
 Another top-down approach that involves direct patterning of highly-oriented 
pyrolytic graphite (HOPG) followed by graphene layer isolation and placement 
methods, such as the transfer printing37 and stamping,38 opens a route to mass 
production of GNR devices.39 The etching and shaping of graphite has been 
intensively explored by researchers. Typically the etching processes convert the solid 
state graphite to gaseous carbon compounds. Several etchants can serve this purpose, 
such as oxygen,40 hydrogen,41 water42-43 and carbon dioxide.12, 42-43 The most obvious 
approach is thermal oxidation which, at certain pressures, has been observed to give 
rise to hexagonal etched pits on the surface of HOPG.44 Plasma etching45 is another 
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effective approach to etch graphite. In combination with a protective mask, oxygen 
plasma is able to produce predefined graphite patterns,46 but the etched edges are not 
atomically sharp. H2 plasma has been found to have an anisotropic etching effect on 
graphite and graphene47 and thus can pattern graphene into nanoribbons with zigzag 
edges.48 This method provides an ideal solution for graphene nanoribbon device 
fabrication starting from single-layer graphene. Along a different vein, the 
phenomenon49 and mechanism50 of catalytic hydrogenation of graphite had been 
studied decades ago. Catalytic hydrogenation usually initiates at the interfaces of 
nanoparticles (NPs) and graphite during high temperature annealing in a hydrogen 
environment.49 The NPs move on the surface of graphite leaving etched trenches with 
smooth edges. Nanoparticles of different kinds of materials such as Fe,51 Ni,52 Ag53 
and even SiOx,54 have been used to shape the surface of graphite or graphene.   
However, it is hard to control the etching directions of these nanoparticles, which can 
turn randomly at 60° and 120° directions relative to their original trajectory. Therefore 
the development of well-controlled approaches to achieve graphitic ribbons with 
defined positions and edges, which is a suitable starting material for GNR device 






 In this thesis, we will explore two approaches towards the realization of graphitic 
ribbon through bottom-up and top-down strategies. 
 From a bottom-up approach, we aim to obtain closed-edge graphitic ribbons from 
graphene wrapped nanowires by a two-step procedure. Firstly, a process to synthesize 
high quality tubular graphene on metal nanowire templates is developed. The template 
material is chosen based on high-temperature process (CVD) compatibility and the 
need to subsequently remove the metal template. Achieving high uniformity and 
continuity of graphene layers that cover the entire surface of the nanowire template is 
essential for graphitic ribbon formation. Hence, Raman spectrum analysis is 
performed to determine the graphene quality, while transmission electron microscopy 
(TEM) is used to reveal the morphology of the graphene layers grown and to provide 
evidence to elucidate the mechanism of such core-shell structure formation. Secondly, 
wet etching is used to remove the metallic core yielding a collapsed graphene tube or 
closed-edge graphitic ribbon, following which its back-gated field-effect transistor 
effect is explored. This bottom-up methodology provides a potential means to define 
the graphitic ribbon position according to the metal nanowire templates. 
 From a top-down approach, the objective is to realize graphitic ribbon by 
controlled metal assisted graphite etching using metal islands with relatively large 
material volume. It should be noted that most of the works reported thus far have 
focused on nanoparticle (typical diameter < 10 nm) etching of graphite while studies 
on metal island etching are not so extensive. At the outset, random etching of natural 
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graphite surface by metal islands produced by annealing of metal thin film is first 
studied. The morphology and chirality of etched edges are investigated by TEM and 
Raman spectrum analysis. Significantly, the role of defects in graphite during the 
initial stage of etching will be deduced and elucidated by comparing the results of 
experiments carried out with and without artificial defects on the graphite surface. The 
realization of graphitic ribbon is demonstrated by controlled etching using 
pre-deposited metal islands at graphite strip edges. This top-down methodology could 
provide a means to realize graphitic ribbon at pre-defined positions with uniform edge 
chirality. 
1.3 Organization of Thesis 
This thesis is organized into five chapters, with this first chapter (Chapter 1) 
being the introduction.  
Chapter 2 surveys the literature on graphene and graphene nanoribbon, with 
reference to their electronic properties. The review covers the structure and properties 
of graphene, in which the bandgap of graphene is discussed. Methods of deriving 
graphene, including layer isolation techniques and bottom-up growth approaches, are 
then briefly reviewed. Various graphene bandgap opening methods based on different 
mechanisms are discussed. In particular, theory of bandgap opening through confining 
graphene as nanoribbons is described. Finally the review focuses on the existing 
graphene nanoribbon fabrication approaches. 
Chapter 3 reports on the large diameter graphene tubular structure grown on Ni 
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nanowire templates. The mechanism of graphene growth on such substrates is 
discussed and the characterization of the resulting structure is presented before and 
after removal of the core template.  
Chapter 4 describes the studies on Co assisted etching of graphene/graphite. The 
mechanism of the etching phenomenon is investigated and discussed. Our 
understanding of the phenomenon provides the foundation of a method to fabricate 
graphitic ribbon structures which is then presented.  
Chapter 5 concludes the thesis by summarizing the accomplishments of this 
project and providing recommendations for future work. 
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Chapter 2 Literature Review 
 Since the pioneering work of Andre Geim and Konstantin Novoselov,1 graphene 
has attracted tremendous research efforts to characterize, synthesize and utilize 
graphene in different areas. The remarkable properties of graphene, such as room 
temperature quantum Hall effect,2-4 a tunable bandgap,5 extremely high mobility1 and 
high elasticity,6 have prompted researchers to investigate applications of this material, 
in particular, for graphene-based electronics.  
 In semiconductor physics and devices, one of the most important fields in which 
graphene shows great potential, the concept of graphene nanoribbon was proposed in 
the course of applying graphene as a building block to realize an integrated circuit. 
Graphene nanoribbons can possess an opened bandgap which is beneficial for field 
effect transistors used as logic switches.7 
 In this chapter, the general structure and properties, especially the bandgap 
property of graphene, and the methods of deriving graphene are first reviewed. Then 
different approaches to open the bandgap of graphene are briefly covered. Finally, the 







2.1 General Review of Graphene 
2.1.1 Structure and Characterization Methods of Graphene 
 Graphene is a monolayer of carbon atoms arranged in a hexagonal lattice, and is 
regarded as the building block of several carbon allotropes. It can be wrapped up into 
0D fullerenes, rolled into 1D nanotubes or stacked into 3D graphite (Figure 2.1.1.1).8 
Because of thermal fluctuations, graphene is not perfectly flat but has ripples as 
shown in Figure 2.1.1.2.9 Although “graphene” strictly refers to a single-layer 
material, two- or more layer graphene samples are being studied with equal interest. 
Three different types of graphene can be defined: single-layer graphene (SLG), 
bilayer graphene (BLG), and few-layer graphene (FLG, number of layers <10).  
 
 
Figure 2.1.1.1: Mother of all graphitic forms. Graphene is a 2D building material for 
carbon materials of all other dimensionalities. It can be wrapped up into 0D 
buckyballs, rolled into 1D nanotube or stacked into 3D graphite. Figure reproduced 
from Reference 8.  
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Figure 2.1.1.2: Intrinsic ripples in graphene. Figure reproduced from Reference 9. 
 
 Graphene has been characterized by different kinds of microscopic and physical 
techniques including atomic force microscopy (AFM), transmission electron 
microscopy (TEM), scanning tunneling microscopy (STM), X-ray diffraction (XRD), 
and Raman spectroscopy, among others.8 Graphene is visible under an optical 
microscope if it is placed on a silicon wafer with SiO2 of certain thicknesses (Figure 
2.1.1.3a and b).10-13 The most appropriate SiO2 thicknesses for inspection under white 
light (or green light) are 90 nm and 280 nm.12 By measuring the height of graphene 
flakes, the AFM can directly determine the number of graphene layers (Figure 
2.1.1.3c).10 STM14 and TEM15 images are useful in investigating the structure and 




Figure 2.1.1.3: Microscopy images of graphene crystallites on 300 nm SiO2 imaged 
with a) white and b) green light. Figure (b) shows step-like changes in the contrast for 
single-, bi-, and trilayer graphenes. c) AFM image of single-layer graphene. The 
folded edge exhibits a relative height of approximately 4 Å indicating that it is 
single-layer. d) High resolution STM image. e) TEM images of folded edges of 
single- and bilayer graphenes. Figures reproduced from Reference 16.  
 
 In particular, Raman spectroscopy has emerged as an important tool for the 
characterization of graphene samples.17-19 The Raman spectrum allows us to identify 
graphene20 and infer the layer number.21 The main features of the Raman spectrum of 
graphene and graphite are: (i) the G-band at ~1584 cm-1 which is due to the E2g 
vibration mode; (ii) the 2D-band at ~2700 cm-1 which is a second-order two-phonon 
mode, and (iii) the D-band at ~1350 cm-1 which is related to the defect level of 
graphene/graphite and is not active for pristine graphene.22 The variation in shape, 
position and relative intensity of the G-, 2D-, and D- bands reflects the structural and 
electronic properties of graphene/graphite.19 Figures 2.1.1.4a-g show a typical optical 
microscope image of graphene with 1-4 layers and corresponding Raman spectra. 
There are a few distinctive features for single layer graphene, as follows. (i) A small 
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intensity ratio of G-band to 2D-band (much smaller than 1).23 (ii) A symmetric 
2D-band which can be fitted by a single Lorentzian peak. This represents the single π 
electron valence band and π*conduction band structure, and hence only one Raman 
scattering cycle is excited near the K and K′ points. In bilayer graphene, the π and π* 
electron bands are divided into four parabolic band structures due to the interaction of 
the two graphene layers. The 2D band is therefore dispersive and can be fitted by four 
Lorentzian bands with different frequencies. More graphene layers will cause the 
bands to split into more complex configurations.21 (iii) The 2D-band full width half 
maximum (FWHM) value is also an indicator of graphene layer number. Hao et al. 
found that there are distinguishable ranges of 2D-band FWHM corresponding to 1-5 
layer graphene as summarized in Figure 2.1.1.4g.21  
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Figure 2.1.1.4: Raman characterizations of AB-stacked FLG. a) Optical image of 
graphene flakes with continuous layer number from 1 to 4. b, c) Raman images from 
left box and right box in (a), respectively, according to FWHM of 2D band. Brighter 
color represents larger FWHM of Raman bands. Layer numbers are indicated in each 
part. Note that, for clarity, the two images are scaled by different brightness. d) 
Raman spectra of each part of the FLG in (a). e) The 2D bands from (b) are magnified 
to show different FWHM of each FLG with different layer number. f) The fitted four 
components of the 2D band in bilayer graphene. The statistical data of FWHM with 
respect to different layer number is plotted in (g). Figures reproduced from Reference 
21. 
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2.1.2 Methods of Deriving Graphene 
 Although single-layer graphene and bilayer graphene were first obtained by 
micro-mechanical cleavage, several strategies have since been developed for the 
synthesis of graphene.16 This section reviews different graphene realization methods, 
such as micro-mechanical cleavage, chemical intercalation, sublimation of Si from 
silicon carbide (SiC) and chemical vapor deposition (CVD) growth of graphene on 
transition metals. Emphasis is placed on typical processes and mechanisms of CVD 
methods based on Ni and Cu substrates. 
 Micro-Mechanical Cleavage: Graphite is stacked layers of graphene bonded by 
weak van der Waals forces. Thus, extracting graphene from graphite by breaking 
these bonds is an obvious approach.24 Planar single-layer graphene was first produced 
by the micro-mechanical cleavage method by repeated peeling of highly oriented 
pyrolytic graphite (HOPG) using Scotch® tape.1 This approach was reported to be 
highly reliable and is able to yield FLG films up to 10 μm in size.1 Figure 2.1.2.1 
shows the graphene films obtained by this method and the test device structure 
fabricated. In general, this method is cheap and straight-forward but has a low 
material yield and often generates small-sized graphene flakes.23 Moreover, success 




Figure 2.1.2.1: Graphene films. A) Photograph (in normal white light) of a relatively 
large multilayer graphene flake with thickness ~ 3 nm on top of an oxidized Si wafer. 
B) Atomic force microscope (AFM) image of 2 μm by 2 μm area of this flake near its 
edge. Colors: dark brown, SiO2 surface; orange, 3 nm height above the SiO2 surface. 
C) AFM image of single-layer graphene. Colors: dark brown, SiO2 surface; brown-red 
(central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm; orange (top left), 
2.5 nm. D) Scanning electron microscope image of one of experimental devices 
prepared from FLG. E) Schematic view of the device in (D). Figures reproduced from 
Reference 1. 
 
 Chemical Intercalation: A typical chemical intercalation method includes three 
essential steps: Graphite oxidation, exfoliation, and graphene oxide reduction. Firstly, 
graphite can be oxidized through a chemical procedure involving strong oxidants, 
such as concentrated KMnO4 and H2O2.25 As a result, the graphite is heavily 
oxygenated. Graphite oxide (GO) has hydroxyl and epoxide functional groups on its 
graphene basal planes and carbonyl and carboxyl groups located at the sheet edges.26 
These functional groups make graphene oxide sheets strongly hydrophilic, which 
allows GO to readily disperse in water.27 Secondly, GO can be easily exfoliated in a 
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sonication process in water.27 After achieving a good aqueous dispersion, the GO can 
be deposited onto any other substrate. Finally, the oxidized graphene layers can be 
reduced chemically by exposure to hydrazine.28 Figure 2.1.2.2 illustrates a typical 
chemical intercalation process and product. Although the chemical intercalation 
method has the benefit of high yield, such an approach, however, not only suffers 
from poor control on the shape and size of the graphene but also from defects that are 
inevitably introduced by the chemical reaction.29  
 
Figure 2.1.2.2: a) Schematic of the exfoliated graphite reintercalated with sulphuric 
acid molecules (teal spheres) between the layers. b) Schematic of TBA (blue spheres) 
insertion into the intercalated graphite. c) Schematic of GS coated with DSPE-mPEG 
molecules and a photograph of a DSPE-mPEG/DMF solution of GS. d) An AFM 
image of a typical GS several hundred nanometers in size and with a topographic 
height of ~1 nm. The scale bar is 300 nm. e) Low- magnification TEM images of a 
typical GS several hundred nanometers in size. The scale bar is 100 nm. f) Electron 
diffraction (ED) pattern of an as-made GS as in e), showing excellent crystallization 
of the GS. Figures reproduced from Reference 29. 
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 Sublimation of Si from silicon carbide (SiC): Epitaxial graphene growth on 
SiC surfaces can be achieved by a high temperature annealing process (above 1000 
°C). After evaporation of Si from the surface of a SiC substrate, carbon atoms 
re-organize into single- or few- layer graphene through solid-state graphitization.30 
The formation of planar graphene based on this method can be achieved on different 
kinds of commercial SiC, such as 6-H and 4-C SiC (0001)31-33 or 3C-SiC (β-SiC).34 A 
typical procedure involves (i) the production of atomically flat SiC surface by 
hydrogen etching, followed by (ii) vacuum graphitization in high vacuum.35 Figure 
2.1.2.3 shows STM images of graphite and graphene on SiC. The orientation of the 
graphene layer can be determined by the fast Fourier transformation (FFT) of the 
STM data and the analysis results show that graphene growth is parallel to the (110) 
direction of the SiC (Figure 2.1.2.4).34 
 
 
Figure 2.1.2.3: Scanning tunneling microscopy. a) Graphite structure: The two 
nonequivalent atom sites are colored black and blue, respectively. b) Graphene 
structure: All carbon atom sites are equivalent. Hence the characteristic honeycomb 
pattern shows up. Figures reproduced from Reference 34.  
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Figure 2.1.2.4: Schematic of the graphene layer on the β-SiC(001) surface. The 
strong lattice mismatch is clearly visible. The inset shows a polar plot of the graphene 
orientation determined for STM images measured at different sample regions. One 
cross corresponds to one STM image. Figure reproduced from Reference 34. 
 
 However, vacuum graphene growth from SiC yields graphene layers with small 
grains (30 - 200 nm).33 As a result, the quality of large-scale graphene synthesized 
from SiC is limited in terms of continuity and uniformity. To solve this problem, 
Emtsev et al. synthesized graphene with improved surface morphology by annealing 
the sample at higher temperature (1650 °C) in Ar environment instead of ultra-high 
vacuum (UHV). It is found that the presence of Ar significantly reduces the Si 
evaporation rate so that higher temperature is attainable, whereas Si desorption starts 
at 1150 °C in UHV.33 The higher temperature results in an enhancement of surface 
diffusion which results in markedly improved SiC substrate surface morphology for 
graphene formation.33 This method is considered as a viable route for the realization 
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of uniform, wafer-size graphene layers.33 
 In general, the product of this method is single or few-layer graphene on SiC 
which is a large bandgap semiconductor. Hence metal contact and electron beam 
lihography patterning can be directly applied to create lateral device structures for 
further experimental investigation.35 However, this approach does not facilitate 
subsequent graphene transfer (should it be required for other applications) as it is 
difficult to etch the underlying SiC substrate without destroying the graphene layer on 
top. 
 
2.1.3 CVD Graphene Growth 
 Although CVD deposition of graphite on metal substrates has been studied 
decades ago,36 synthesis of graphene through CVD approach is quite new.24 The first 
report of few-layer graphene synthesized by CVD is in 2006.37 After that, there have 
been a number of reports on CVD growth of graphene on metal substrates, such as 
Ir,38 Ru,39 Cu, 23 Ni,40 Pt41 and so on. Metal substrates allow an easy transfer of the 
as-grown graphene to another substrate provided the metal can be chemically wet 
etched, or by PDMS stamping.42 Hence, graphene derived from a CVD method is 
regarded to be more compatible with existing semiconductor industry processes 
because the graphene can be directly transferred onto silicon wafers.43 Considering 
the potential for future industrial application, Ni and Cu are more attractive substrate 
materials among different metals explored for graphene growth. Both of them are 
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inexpensive and have proven to be good CVD substrates for large-area high-quality 
graphene growth although the growth mechanisms are different. 
 The widely-accepted mechanism of graphene growth on Ni substrate is carbon 
dissolution-segregation/precipitation.40 For the typically-used polycrystalline Ni 
substrates, such as evaporated Ni film42 and Ni foil,40 the first step of a representative 
process is high temperature annealing before the CVD. This pre-annealing generates 
1- 20 μm single-crystalline Ni grains which have atomically-flat terraces and steps.42 
In the second step, carbon-containing precursors, usually hydrocarbons, are 
introduced as the carbon source for a short time. At the Ni surface, the carbon 
containing molecules decompose and carbon atoms diffuse into the Ni forming an 
exponentially decreasing concentration profile from the surface into the bulk of the Ni 
substrate.40 In the last step, samples are cooled down which results in carbon 
segregation/precipitation. As shown in Figure 2.1.3.1, different segregation behaviors 
can be obtained by different cooling rates used. If the samples are quenched 
(extremely fast cooling), the carbon atom in Ni-carbon solid solution will lose the 
mobility to diffuse before they can form graphene on the Ni surface. On the other 
hand, too low a cooling rate will cause carbon atoms to diffuse into the bulk so that 
there will not be enough carbon to segregate. Only within a certain range of medium 




Figure 2.1.3.1: Illustration of carbon segregation at metal surface. Figure reproduced 
from Reference 40. 
 
 Yu et al. investigated the relationship between the cooling rate and the resultant 
graphene grown using Raman spectrum microscopy. In Figure 2.1.3.2, with a low 
cooling rate ~0.1 °C/s, there is no signal indicating graphene formation. With a 
medium cooling rate ~10 °C/s, two peaks appear at ~1583 and ~2704 cm−1, 
corresponding to the G and 2D bands. The intensity ratio of I2D/IG larger than 1 
suggests that graphene with layer number less than 4 is formed. Faster cooling up to 
~20 °C/s results in the formation of graphite with more defects. The D-peak at ~1360 
cm−1 appears in addition to the G and 2D bands, suggesting that although a 
considerable amount of carbon atoms segregated in a short time, the crystallinity is 




Figure 2.1.3.2: Raman spectra of segregated carbon at Ni surface with different 
cooling rates. Figure reproduced from Reference 40. 
 
 Li et al. used carbon isotope labeling and Raman spectroscopic mapping to study 
the mechanism and kinetics of graphene growth on Ni.44 Because the Raman modes 
of 12C and 13C are different, the distribution of carbon atoms can then be tracked 
during the growth process. Figure 2.1.3.3 shows the schematic of the graphene grown 
on Ni from the segregation. 12C and 13C are sequentially introduced to the CVD 
system and these isotopic carbon atoms firstly diffuse into the Ni, mix, and then 
segregate/precipitate at the Ni surface. The graphene formed is composed of uniform 





Figure 2.1.3.3: Graphene with randomly mixed isotopes such as might occur from 
surface segregation and/or precipitation. Figure reproduced from Reference 44. 
 
 
Figure 2.1.3.4: Optical micrograph and distribution of C isotopes in a FLG film 
grown on Ni. a) An optical micrograph of a FLG film transferred onto a SiO2/Si wafer. 
b) The corresponding Raman map of location of the G bands and c) a typical Raman 
spectrum from this film, showing the film consists of randomly mixed isotopes (with 
an overall composition of ∼45% 13C and ∼55% 12C). Scale bars are 5 μm. Figures 
reproduced from Reference 44. 
 
 However, many recent reports point out that a direct growth mechanism may play 
a larger role rather than the carbon dissolution-segregation/precipitation mechanism 
for graphene growth on Ni.45 Huang et al. found that the number of graphene layers 
depends on the duration of the CVD process. This result suggests that although a 
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portion of carbon atoms may have dissolved into the Ni substrate, most of the carbon 
atoms migrate and bond with each other on the surface of Ni, forming graphene.45 
Saenger et al. also detected the formation of graphitic carbon during high temperature 
annealing by in situ X-ray diffraction study.46  
 Based on detailed in situ data (X-ray photoelectron spectroscopy and X-ray 
diffraction), Weatherup et al. suggested a growth model, which is summarized in 
Figure 2.1.3.5. Step 1: The hydrocarbon precursor dissociates on the catalyst surface. 
Step 2: The carbon atom from the precursor binds to Ni surface sites and diffuses into 
the Ni catalysts causing a lattice expansion throughout the catalyst bulk and a filling 
up of the subsurface region. Step 3: Upon adequate C saturation, isothermal graphene 
nucleation occurs, preferentially at high reactivity Ni surface sites, such as step edges, 
which may be dynamically stabilized during the process. Step 4: Individual graphene 
domains then expand, under isothermal conditions, until they coalesce.47 This 
mechanism proposed is neither limited to a pure surface catalytic process nor to 
precipitation upon cooling, and is able to account for the observations reported in the 




Figure 2.1.3.5: Schematic of proposed growth mechanism for graphene on Ni. 1) 
Hydrocarbon precursor dissociates on the catalyst surface. 2) C diffuses into the Ni 
subsurface/bulk. 3) Isothermal graphene nucleation occurs, preferentially at high 
reactivity Ni surface sites. 4) Individual domains expand under isothermal conditions 
until they coalesce. Figure reproduced from Reference 47. 
 
 Although the growth mechanism is complex and still under investigation, CVD 
growth of graphene on Ni has two major advantages: the ability to grow on 
pre-patterned substrate with desired geometries49 and the ease of transfer to other 
substrates. Kim et al. successfully demonstrated the transfer of graphene grown on Ni 
to another substrate through the use of polymeric layers such as 
poly(methylmethacrylate) (PMMA) and polydimethylsiloxane (PDMS), following 




Figure 2.1.3.6: Transfer processes for large-scale graphene films. a) A 
centimeter-scale graphene film grown on a Ni (300 nm)/ SiO2 (300 nm)/Si substrate. b) 
A floating graphene film after etching the nickel layers in 1M FeCl3 aqueous solution. 
After the removal of the nickel layers, the floating graphene film can be transferred by 
direct contact with substrates. c) Various shapes of graphene films can be synthesized 
on top of patterned nickel layers. d) and e) The dry-transfer method based on a PDMS 
stamp is useful in transferring the patterned graphene films. After attaching the PDMS 
substrate to the graphene (d), the underlying nickel layer is etched and removed using 
FeCl3 solution (e). f) Graphene films on the PDMS substrates are transparent and 
flexible. g) h), The PDMS stamp makes conformal contact with a silicon dioxide 
substrate. Peeling back the stamp (g) leaves the film on a SiO2 substrate (h). Figures 
reproduced from Reference 42. 
 
 Apart from Ni, Cu has also been proven to be a good substrate for graphene 
growth, especially for realization of single-layer graphene due to its low carbon 
solubility.23 The CVD process is similar to graphene growth on Ni substrate, which 
includes high temperature pre-annealing, exposure to carbon containing precursors 
and cooling down.50 Figure 2.1.3.7 describes a typical steady-state gas flow including 
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methane, hydrogen, and argon gases on the surface of a Cu at ~ 1000 °C. The carbon 
species firstly reach the Cu surface and get absorbed on the surface. There they 
decompose and the active carbon species diffuse on the surface of Cu and form the 
graphene lattice. Inactive species like hydrogen are desorbed forming molecular 
hydrogen which is swept away by the gas flow. 
 
 
Figure 2.1.3.7: A) Processes involved during graphene synthesis using low carbon 
solid solubility catalysts (Cu) in a CVD process. B) Mass transport and surface 
reaction fluxes under steady state conditions. Figures reproduced from Reference 51. 
 
 Carbon isotope labeling and Raman spectroscopic mapping could also be used to 
study graphene growth on Cu. Li et al. sequentially introduced 13C and 12C during 
graphene growth as indicated in Figure 2.1.3.8.44 If the graphene growth follows the 
surface adsorption route as discussed above, the isotope distribution will reflect the 
different precursors employed in sequence. This is confirmed by the Raman mapping 
in Figure 2.1.3.9. Because there is a position shift of G-peak for 12C (1500-1560 cm-1) 
and 13C (1560-1620 cm-1) graphene, the Raman G-peak intensity mapping clearly 
reveals that the whole graphene grown is composed of 12C-graphene and 
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13C-graphene domains as expected.44  
 
 
Figure 2.1.3.8: Graphene with separated isotopes such as might occur by surface 
adsorption. Figure reproduced from Reference 44. 
 
 
Figure 2.1.3.9: Micro-Raman characterization of the isotope-labeled graphene grown 
on Cu foils and transferred onto a SiO2/Si wafer. a) An optical micrograph of the 
identical region analyzed with micro-Raman spectroscopy. b) Raman spectra from 
12C-graphene (green), 13Cgraphene (blue), and the junction of 12C- and 13C-graphene 
(red), respectively, marked with the corresponded colored circles in (a) and (e). c) 
Line scan of the dashed lines in (d-f). Integrated intensity Raman maps of d) 
G13+12(1500-1620 cm-1), e) G13(1500-1560 cm-1), f) G12(1560-1620 cm-1), g) 
D13+12(1275-1375 cm-1), h) D13(1275-1325 cm-1), and i) D12(1325-1375 cm-1) of the 
area shown in (a). Scale bars are 5 μm. Figures reproduced from Reference 44. 
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 Importantly, graphene growth on Cu is found to be a self-limiting process which 
is an advantage in single-layer graphene formation. After the Cu surface is fully 
covered, longer CVD duration yields no further changes. Li et al. demonstrated that 
there is no noticeable difference between samples from 10 min and 60 min growth 
(Cu surface is not fully covered in less than 10 min).23 They also varied the thickness 
of Cu foil from 12.5 to 50 μm and the graphene grown is similar for the same growth 
condition.23 These results strongly support the surface adsorption mechanism for 
which the graphene growth will be terminated when the Cu surface is covered. Li et al. 
successfully synthesized 1 cm by 1 cm graphene sheets with more than 95% 
monolayer graphene, while bilayer graphene is around 4% and few-layer graphene is 
less than 1%.23 Furthermore, graphene of 30 inch size had been obtained via CVD 
growth on Cu by roll-to roll production.52 
 Apart from exploration to realize larger single-layer graphene sheet on Cu, the 
early stages of graphene growth on Cu have also been investigated. As discussed 
above, carbon species nucleate on the Cu surface and continuously grow forming 
islands. The domains or grains then chemically “stitch” together to form larger 
sheets.53 Due to the misalignment of the domains according to the Cu substrate,54 
inter-domain defects arise and can be detected by Raman spectrum analysis.44 Li et al. 
found that growth parameters such as temperature (T), methane flow rate (JMe), and 
methane partial pressure (PMe), affect the domain size (Figure 2.1.3.10).55 
High-temperature, low methane flow rate and partial pressure are preferred to 
generate a low density of graphene nuclei, while high methane flow rate or partial 
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pressure are preferred for continuous large-area graphene films. By combining these 
two conditions in one growth, graphene films with large domain size of hundreds of 
square micrometers have been successfully demonstrated.55 
 
 
Figure 2.1.3.10: SEM images of partially grown graphene under different growth 
conditions: T(°C)/JMe (sccm)/PMe (mTorr): a) 985/35/460, b) 1035/35/460, c) 
1035/7/460, d) 1035/7/160. Scale bars are 10 μm. Figures reproduced from Reference 
55. 
 
 Similar to Ni, graphene grown on Cu substrate also can be transferred to other 
substrates.56-58 A typical transfer method includes polymer deposition, Cu etching, 
transfer to another substrate and removal of PMMA. Li et al. found that there are 
always some small gaps between the graphene transferred and the target substrate 
surface using a conventional approach as discussed above. By introducing a second 
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PMMA coating step onto the transferred PMMA/graphene on new substrates, the 
underlying graphene is mechanically relaxed so that the graphene almost fully 
contacts with the new substrate (Figure 2.1.3.11).57 In addition, clean removal of the 
PMMA residue on the transferred graphene is another important issue.59 Although 
most of the residue can be removed by annealing in vacuum or Ar/H2,59 exploration of 
approaches to realize intrinsic graphene surfaces is still in progress.60 
 
 
Figure 2.1.3.11: Processes for transfer of graphene films (“Gr”) = graphene). The 
top-right and bottom-left insets are the optical micrographs of graphene transferred on 
SiO2/Si wafers (285 nm thick SiO2 layer) with “bad” and “good” transfer, respectively. 
The bottom-right is a photograph of a 4.5 × 4.5 cm2 graphene on quartz substrate. 
Figures reproduced from Reference 57. 
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2.2 Bandgap Properties of Graphene 
2.2.1 Bandgap Property of 2-dimensional Graphene Sheet 
 There are many potentially useful electronic properties of graphene, such as high 
carrier mobility1 and the relativistic nature of charge carriers in graphene.8, 61 These 
interesting properties are attributed to the peculiar electronic structure of graphene, 
which can be theoretically calculated by the tight-binding approximation method62 
considering two atoms per unit cell.63 Graphene has two conical points in each 
Brillouin zone, where band crossing happens at K and K′ (Figure 2.2.1a). Near these 
crossing points, electron energy has a linear dependence on the wave vectors.63 
Therefore, electrons in an ideal graphene sheet behave like massless Dirac fermions.64 
This conical dispersion is minimal at K and K′ points, which coincides with the Fermi 
level and separates conduction and valance bands, and reveals a zero bandgap in 
graphene (Figure 2.2.1b). 
 
 
Figure 2.2.1.1: electronic structure of graphene: a) Energy bands near the Fermi level 
in graphene. b) The band structure of a single graphene layer shows the remarkable 
linear dispersion of the π-bands at Fermi level EF = 0, in the vicinity of K (the 
Brillouin zone is shown in inset). Figures reproduced from Reference 63. 
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2.2.2 Different Methods to Open Bandgap of Graphene 
As discussed above, graphene is a zero bandgap material. As a candidate for the 
replacement of Si as a field effect transistor channel material, an issue to be addressed 
for this material is the creation of an energy gap at K and K′ points in the Brillouin 
zone. Different approaches have been adopted by researchers and the methods used 
will be briefly reviewed as follows. 
 The introduction of uniaxial strain to graphene breaks the sub-lattice symmetry 
and opens a bandgap.65-68 A representative technique is to deposit the graphene sheets 
on a flexible substrate, for instance, polyethylene terephthalate (PET). Uniaxial 
tunable tensile strain can be applied to the graphene by stretching the PET in one 
direction. Ni et al. found that for a strain of 1%, the bandgap reaches 0.3 eV.65   
Another approach makes use of multilayer graphene sheets and the application of 
an external electrical field.69 There are two sets of nearly parallel conduction and 
valence bands in bilayer graphene near the Fermi level (Figure 2.2.2.1). If there is no 
external electric field, the lowest conduction band touches the highest valence band, 
ending up with a zero bandgap. However, Zhang et al. successfully demonstrated that 
this band structure can be tuned by applying top and bottom gate voltages at the same 
time. The difference of the top and bottom electric fields leads to a net carrier doping 
indicated by a shift in the Fermi energy (EF). On the other hand, the average of these 
two electric fields breaks the inversion symmetry of the bilayer graphene, resulting in 
a non-zero bandgap69 whose value depends on the electronic density.70 The charge 
redistribution due to the presence of the external electric field can change the bandgap 
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from zero to mid-infrared energies by using fields of less than 1 V/nm according to 
the work of Castro et al..70 
 
 
Figure 2.2.2.1: Left, the electronic structure of a pristine bilayer has zero bandgap. (k 
denotes the wave vector) Right, upon gating, the displacement fields induce a 
non-zero bandgap and a shift of the Fermi energy EF. Figure reproduced from 
Reference 69. 
 
 Graphene doping also plays an important role in bandgap opening of graphene. 
Actually, in the course of processing graphene to create device structures, graphene is 
readily p-doped by adsorbates under the ambient conditions. The p-doping is 
attributed to the oxygen edge groups and physisorbed oxygen and water molecules 
which work as acceptors.71-72 Annealing in high vacuum will decrease the p-doping 
by partial desorption of the adsorbates. Charge carriers can be induced in graphene by 
the adsorption of various gases including NH3 and NO2.72 Hall effect measurements 
have shown that NH3 induces electrons, whereas the latter gives rise holes as charge 
carriers.73 For example, if graphene is annealed in NH3, the chemical reaction 
between graphene and NH3 will lead to nitrogen functionalization at the reactive edge 
carbon atoms and possibly the formation of some C-N bonds at defect sites within the 
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graphene plane. By using such kind of n-type graphene, field effect transistors can be 
fabricated that operate at room temperature.71  
 Moreover, the realization of devices necessarily involves making contacts with 
metals which will also introduce doping. The characteristic electronic structure of 
graphene is significantly altered by chemisorption on Co, Ni, and Pd but is preserved 
by weak adsorption on Al, Cu, Ag, Au, and Pt. Even where the bonding is weak, 
however, the metal substrates cause the Fermi level to move away from the conical 
points in graphene, resulting in doping with either electrons or holes. The sign and 
amount of doping can be deduced from the difference of the metal and graphene work 
functions only when they are so far apart that there is no wave-function overlap. At 
the equilibrium separation, the doping level is strongly affected by an interface 
potential step arising from the direct metal graphene interaction.74 
 Finally and the most importantly, patterning graphene into a ribbon is a promising 
and practical approach to open a bandgap in graphene.5 This method will be discussed 
in greater detail in the following. 
 
2.3 Structure and Bandgap Properties of Graphene 
Nanoribbons 
 A graphene nanoribbon could be construed as a one-dimensional sp2 hybridized 
carbon crystal with boundaries that expose non-three-coordinated carbon atoms with a 
large aspect ratio.75 GNRs are predicted to exhibit bandgaps that are potentially useful 
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for room temperature transistor operation with excellent switching speed and high 
carrier mobility.76 
 The electronic properties of graphene nanoribbon are mainly determined by 
electronic correlations, size, and boundary conditions. Graphene nanoribbons have 
two kinds of different edge geometries, namely zigzag and armchair, as shown in Fig. 
2.3.1. Zigzag graphene nanoribbons (ZGNRs) and armchair graphene nanoribbons 
(AGNRs) show very different electronic properties due to their distinct boundary 
conditions. The atoms along a zigzag edge are from the same sublattice, while the 
atoms along an armchair edge come from two different sublattices.77 
 
 
Figure 2.3.1: The schematic representation of cutting the two dimensional graphene 
to obtain zigzag and armchair nanoribbons. Figure reproduced from Reference 77. 
 
 The width of armchair graphene nanoribbon is determined by the number of 
atoms (m) in the cross ribbon direction. Depending on the value of m, the AGNRs can 
be classified into three categories, namely, m = 3p, 3p + 1 and 3p + 2 (p is a positive 
integer) with widely varying electronic properties.77 AGNRs with m = 3p + 2 show 
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metallic behavior, while the other two are semiconducting within the tight binding 
(TB) formalism, as is shown in Figure 2.3.2a.77-79 However, all three types of AGNRs 
show semiconducting behavior with a direct bandgap (∆a) which decreases as the 
GNR width (wa) increases (∆a ~ wa-1) based on first-principle calculations (Figure 
2.3.2b and c).77 In general, the bandgap of AGNRs originates from quantum 
confinement, and edge effects play a crucial role.78  
 
 
Figure 2.3.2: The variation of bandgaps of m-AGNRs as a function of width obtained 
a) from TB calculations and b) from first-principles calculations. c) First-principles 
band structures of m-AGNRs with m =12, 13, and 14, respectively. Figures 
reproduced from Reference 78. 
 
 On the other hand, zigzag graphene nanoribbons have localized electronic states 
at the edges, which are regarded as edge states. These edge states extend along the 
zigzag edges and exponentially decay towards the ribbon centre.80-81 Because of the 
edge geometry and the edge states, ZGNRs exhibit a broad range of attractive 
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electronic properties with the possibility of fine tuning their bandgap by structural or 
chemical modifications, such as doping and external perturbations.77, 82 According to 
the previous principle, the width of zigzag graphene nanoribbons is determined by the 
number of zigzag chains forming the ribbon.75, 78-80 Usually we refer to a ZGNR with 
n zigzag chains as an n-ZGNR. Son et al. studied the spin-resolved electronic 
structure of ZGNRs based on the ab initio pseudopotential density functional 
method83 within the local spin density approximation (LSDA). Their calculation from 
first principles predicts a twofold degenerate flat band at the Fermi level EF when the 
spin degree of freedom is neglected, whereas the spin-less state is not the ground 
state.84 However, when the spin degrees of freedom within the LSDA as well as the 
generalized gradient approximation (GGA) are considered, the ground state of 
ZGNRs shows parallel spin alignment in each zigzag edge, whereas the spin 
alignments in two edges are not parallel.85 The spins show preference to be coupled 
antiferromagnetically within the nearest sites throughout the ZGNRs lattice, while the 
moments of spin decay from the edge towards the center of ZGNRs. The 
antiferromagnetical ZGNRs exhibit a bandgap (∆z) at k = 2π/3, which changes 
inversely with the width of ribbon (wz) (Figure 2.3.3a). However, when ZGNRs are 
more than 8 zigzag chains in width, there is almost no change in the energy splitting 
(∆z1) at k = π ~ 0.52 eV with variation of ribbon width (Figure 2.3.3b).78, 86 Generally, 
for ZGNRs, the bandgap arises from a staggered sublattice potential due to spin 
ordered states at the edges.78, 87-88 
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Figure 2.3.3: a) The spin polarized band structure of 12-ZGNR. b) The variation of 
∆z and ∆z1 with the width of ZGNRs. Figures reproduced from Reference 77. 
 
 Based on the discussion above, both GNRs with armchair or zigzag shaped edges 
always have nonzero and direct bandgaps.78 Although the bandgap of GNRs depends 
on the narrowness and chirality of the ribbon, as well as edge effects, the width of 
GNRs is the dominant factor.5 For real applications, a GNR width less than 10 nm is 
required to open a sufficiently large bandgap for room temperature transistor 
operation.89 Barone et al. predicted that in order to produce materials with bandgaps 
similar to Ge or InN, the width of the ribbons must be between 2 and 3 nm. If larger 
bandgap ribbons are needed (with bandgaps comparable to those of Si, InP, or GaAs), 
their width must be reduced to 1-2 nm.90 
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2.4 GNR Fabrication Methods  
 There is a wide range of methods available to fabricate graphene nanoribbons. 
These techniques can be classified into two categories: bottom-up and top-down 
approaches. 
 
2.4.1 Bottom-up Approaches 
 One bottom-up approach is to attach small molecules to build giant graphene 
structures using synthetic chemistry routes.91 For example, linear two-dimensional 
graphene nanoribbons with lengths of up to 12 nm were successfully synthesized by a 
bottom-up approach.92 In this method, 1,4-diiodo-2,3,5,6-tetraphenylbenzene was 
used as a building block (Figure 2.4.1.1). After some well-controlled chemical 
reactions, graphene nanoribbons were obtained.92 In addition, this kind of bottom-up 
approach can provide many other desired graphene nanostructures like nanotube, 
nanodiscs and others.91, 93-94 
 
Figure 2.4.1.1: Formation of graphene nanoribbons from bottom up chemical route. 
Figures reproduced from Reference 92. 
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 Another method is based on CVD graphene growth but utilize metal nanowires as 
a substrate. Yu et al. demonstrated that the graphene can be grown on Pd nanowire 
surface and then removed by wet etching using diluted HNO3 (Figure 2.4.1.2 a~d).95 
The resultant structure ends up with an edge-closed graphitic ribbon (ECGR) which is 
found to have high conductivity.95-96 Furthermore, the top part of the graphene of such 
a core-shell structure can be etched by O2 plasma leading to an edge-opened graphitic 
ribbon (EOGR).95 Although these processes requires a combination with a top-down 
strategy, most of the important properties of the graphitic ribbons obtained had 
already been determined at the bottom-up stage, such as continuity, morphology and 
defect level. In principle, graphene growth on metal nanowires should follow similar 
mechanisms of graphene growth on planar metal substrates as discussed above. 
However, there are a few research gaps that need to be investigated for this approach: 
(i) the graphene growth mechanism on metals is still not entirely clear, (ii) the lack of 
a means to control the number of graphene layers and (iii) the paucity of evidence 
showing how graphene growth bridges across the grain boundaries of polycrystalline 





Figure 2.4.1.2: Schematic of the process used to fabricate edge closed graphitic 
ribbons (ECGRs), graphene tubes (GTs), and edge opened graphene ribbons (EOGRs). 
a) Pd nanowire synthesized through porous alumina template by electrodeposition, b) 
graphene layer growth on the Pd nanowire surface, c) GTs with thick layers, d) 
ECGRs with thin layers after etching of the Pd nanowires, e) O2 plasma etching of the 
top half of the graphene layer, and f) EOGRs formed by etching the remaining Pd 
nanowires on (e). Figures reproduced from Reference 95. 
 
2.4.2 Top-down Approaches 
 There are diverse methodologies for top-down approaches that have the 
advantage of being able to define the position of the GNR.77 Nanoscale electronic 
devices have been fabricated based on the graphene nanoribbon realized through these 
methods. Several methods will be reviewed in this section with emphasis on the 
nanoparticle etching approach.  
 
Graphene Etching using STM or AFM 
 STM has proven to be suitable for both imaging and tailoring the top graphene 
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layer on an HOPG sample.97 The HOPG sample can be rotated to set the desired 
crystallographic orientation and the graphene sheet on the surface can be cut by 
applying a high constant bias on the STM tip. By moving the tip at constant velocity, 
a ribbon structure with desired geometry is then obtained.97-98 Kim et al. postulated a 
mechanism of electrons field-emitted from the tip breaking the C-C bonds and etching 
of carbon atoms through electron-transfer-enhanced oxidation;99 however, the 
microscopic mechanism of such etching has not been fully understood yet. A major 
limitation of this method is that the resultant graphene nanoribbons are on the surface 
of graphite which renders them difficult for further study.  
The use of an AFM tip to scratch the graphene to define the desired pattern has 
also been demonstrated. Unfortunately, it is only possible to move or crumple whole 
flakes on a SiO2 substrate in an uncontrolled fashion.100 Alternatively, a more 
promising way to engineer the surface of graphene with the AFM is local anodic 
oxidation (LAO).101-102 Following the LAO strategy, Giesbers et al. etched the 
graphene by applying a bias voltage on the AFM tip in a humid environment. They 
found that the graphene directly beneath the tip is oxidized. While graphene 
nanoribbons around 55 nm in width have been fabricated using LAO lithography,100 
this method has its limitations as a device manufacturing technique. 
 
Electron/Ion beam etching 
 Graphene can be cut and patterned with few-nanometer precision by ablation via 
focused electron beam irradiation in a TEM at room temperature.103 Such electron 
 49
beam etching is able to produce GNR structures as narrow as 5 nm.103 However, it 
requires suspending graphene on a TEM grid which makes it difficult to perform 
subsequent electrical measurements. 
 Conventional Ga+ focused ion beam (FIB) can also sputter carbon atoms from 
graphene for patterning.104 But the typical resolution of FIB is several nanometers and 
the graphene is best suspended during the FIB etching to avoid ion implantation and 
scattering effects.104 Compared with Ga+ ion beam, the resolution of a focused helium 
ion beam is currently able to reach 0.5 nm or better, making it suitable for precise 
patterning of graphene into any desired structure for device fabrication.105 Both 
supported and suspended graphene can be etched into graphene nanoribbons of 10 ~ 
20 nm in width using a helium ion microscope (HeIM).105-106 Lemme et al. have 
already demonstrated in situ electrical measurement during the lithography.105 
However, the requirement of a HeIM system with its currently small installed base, 
and the serial nature of writing, limit the application of this method. 
 
Unzipping carbon nanotubes 
 Smooth-edged graphene nanoribbon also can be obtained by means of unzipping 
and flattening a carbon nanotube.107 Different processes and mechanisms can be 
exploited for the purpose of unzipping carbon nanotubes, such as direct physical 
etching of carbon nanotube using Ar plasma with a protective layer,108 or more 
commonly used oxidation process.109-111 A typical process for carbon nanotube 
unzipping is shown in Figure 2.4.2.1. During the oxidation step, the oxidant reacts 
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with a pre-existing defect110 so that the carbon-carbon bonds will break into carbonyl 
pairs.111 This breakage preferentially happens along the longitudinal direction thereby 
producing graphene nanoribbons.77 
 
 
Figure 2.4.2.1: Nanoribbon formation and imaging. a) Representation of the gradual 
unzipping of one wall of a carbon nanotube to form a nanoribbon. Oxygenated sites 
are not shown. b) The proposed chemical mechanism of nanotube unzipping. The 




 Sonochemical method produces GNRs through chemical exfoliation and 
sonication.112 Typical key steps of this method are: (i) graphite flakes are made into 
expandable graphite by chemical intercalation during which the oxidation occurs at 
the edges, steps, and defect sites of the graphite; (ii) rapid heating of the expandable 
graphite at 1000 °C leading to the formation of gaseous species from the intercalant 
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which exfoliates the graphite into a loose stack; (iii) solution-phase sonication to form 
a homogeneous suspension during which the graphene layers become isolated and 
break into ribbon structure; and (iv) centrifugation to remove large pieces. The 
resultant GNRs with various widths from sub-10 nm to 50 nm can then be dispersed 
onto other substrates and be identified by AFM (Figure 2.4.2.2).76 Field effect 
transistors based on sub-10 nm GNRs from this method have been shown to exhibit 
high on–off ratios of about 107 at room temperature.76 The sonochemical method 
provides a way to achieve graphene nanoribbons with sufficient narrowness and 
possibly well-defined edges. However, a major limitation is that it is hard to control 
the location and width distribution of GNRs fabricated. 
 
 
Figure 2.4.2.2: Chemically derived graphene nanoribbons down to sub-10-nm width. 
Figures reproduced from Reference 76. 
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Plasma assisted graphene etching 
 Plasma can be used to shape the graphene into ribbon structures with/without 
protective masks based on different mechanisms, such as physical removal of carbon 
(Ar plasma),108 oxidation (O2 plasma)113 and hydrogenation (H2 plasma).114-115 
 Firstly, conventional lithographic methods can be used for such graphene 
patterning in combination with plasma etching. The starting graphene sheet can be 
either from mechanical exfoliation or CVD growth, on a substrate such as Si/SiO2. A 
typical process is as follows. A layer of negative resist, such as hydrogen 
silsesquioxane (HSQ), is coated on to the sample, followed by e-beam lithography. 
After resist development, a short Ar or O2 plasma step is used to transfer the masking 
HSQ pattern into the graphene sheet. Only the exposed graphene is etched and hence 
the desired graphene ribbon structure is achieved.113 Of course, the etching mask need 
not be a patterned resist. For instance, nanowires can be obtained using various 
chemical approaches with controllable sizes down to 1-2 nm. Such nanowires 
possibly can be aligned on the surface of graphene to act as a protective mask during 
oxygen plasma etching. In this way, GNRs in the sub-10 nm scale can be readily 
produced (Fig 2.4.2.3).116 In addition, the graphene ribbons fabricated using this 
method can be further etched only from the edges at certain temperatures in O2 
containing gases117 or H2 plasma114 
 53
 
Figure 2.4.2.3: a-f) Schematic fabrication process to obtain GNRs by oxygen plasma 
etch with a nanowire etch mask; g, h) AFM images of a nanowire etch mask lying on 
top of a graphene flake before (g) and after (h) oxygen plasma etch (The arrows 
highlight the edge of the graphene sheet.); i) AFM image of the resulting GNR after 
sonication removing the mask nanowire; j, k) branched and crossed graphene 
nanostructures from merged and crossed nanowire masks. The scale bars in (g-i) are 
300 nm, and those in (j, k) are 100 nm. Figures reproduced from Reference 116. 
 
 Secondly, H2 plasma is found to etch graphite and graphene anisotropically and 
can thus pattern graphene into nanoribbons with zigzag edges. Yang et al. 
demonstrated that hexagonal pits can be formed on the graphite surface at 450 °C 
under in the presence of a remote H2 plasma.114 This etching phenomenon is attributed 
to hydrogenation and volatilization of carbon atoms with formation of methane. The 
etching was found to initiate at the step edges and natural defect sites on the graphite 
surface, with the chirality of etched edges all being zigzag based on further STM 
investigation.114 Raman spectrum analysis reveals that the quality of unetched 
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graphene parts is basically the same as that of pristine graphene.114 By introducing 
artificial defects using O2 plasma with protective mask, Shi et al. successfully 
fabricated self-aligned graphene nanostructures including zigzag GNRs with widths 
around 5 nm (Figure 2.4.2.4).115 This method provides a promising solution for GNR 
device fabrication starting from single-layer graphene.  
 
 
Figure 2.4.2.4: Various patterned graphene nanostructures. A,B) Honeycomb-like 
networks. C) Array of isolated triangular dots ~200 nm in size. D) Waved ribbon 
array. E–G) Aligned GNRs with different lengths. H) A Z-GNR with a width of ~ 5 
nm. For (A–D) the original designed pattern was a hexagonal close-packed circular 
array of holes while for (E–G) a square array of circular holes was applied. The 
different patterns in (A–C) are generated because of the differently designed patterns 
along different crystallographic orientations in the graphene and different etching 
times. In all patterns, except for (D) and (H), the pitch distances for neighboring 
hexagons are 1 μm. Figures reproduced from Reference 115. 
 
Nanoparticle etching  
 Nanoparticles can be used for etching of graphene, leading to ribbon structures 
with atomically-smooth edges. Actually, HOPG,118 few-layer graphene119 and single 
layer graphene120 can be etched in this way by different kinds of nanoparticles, such 
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as Fe,119 Ni,120 Ag121 and even SiOx122 nanoparticles. Although the particle materials 
are different, the etching processes have in common similar reaction conditions and 
phenomena -- carbon atoms of graphene are etched through a reaction between 
hydrogen and graphene, which is catalyzed by the nanoparticles during annealing at 
elevated temperature in a hydrogen atmosphere. This process shows strong preference 
to etch graphene along certain directions of the graphene lattice123 and the 
nanoparticles keep moving forward at the etching front leaving trenches in the 
graphene, although turns by 60° or 120° from the original trajectory are observed.119 
Figure 2.4.2.5 illustrates such etching on graphite and single-layer graphene in which 
sub-10 nm single layer graphene nanoribbon structure is achieved. One of the 
important advantages of such crystallographic etching is the atomic level 
controllability of the etched edges, as claimed by Ci et al.124 However, in a more 
detailed study of the Co nanoparticle-etched trenches at atomic resolution using 
low-voltage high resolution TEM (LV-HRTEM), the etched edges do not show any 
preferential edge chirality even within a short range (Figure 2.4.2.6).125 These random 
edges are possibly due to the re-deposition of carbon from the moving particles and 
these carbon atoms may rearrange themselves randomly at the etched edges.125 
Nevertheless, sub-nanometer smoothness (~ 0.6 nm) still can be obtained based on the 




Figure 2.4.2.5: Comparison of nanoparticle-assisted etching in SLG and graphite. a) 
Key features of etching in SLG are chirality-preserving angles f 60° and 120°, 
avoided crossing of trenches leaving ~ 10 nm spacing between adjacent trenches and 
producing connected nanostructures, and trenches and nanoparticles with uniform 
width < 10 nm. b) AFM phase image of etched SLG with produced geometric 
nanostructures. The phase mage obscures small details, making adjacent trenches 
appear to merge together. c) AFM height image of equilateral triangle connected to 
three nanoribbons. d) AFM height image of a trench which avoids crossing another 
trench, running parallel to it. (Panels c and d color scale 0 to 1.7 m). e) Key features 
of etching in Graphite and Few-Layer Graphene are chirality-changing angles of 90°, 
150°, and 30°, in addition to 60° and 20°, trenches which merge, producing 
disconnected geometries, and trenches and nanoparticles of varying size (10-1000 
nm). f-h) AFM eight images of etched graphite showing the previously mentioned 




Figure 2.4.2.6: Typical LV-HRTEM image of Co nanoparticle etched graphene edge. 
Figures reproduced from Reference 125. 
 
 Catalytic hydrogenation is the key reaction of particle etching:  
C (solid) + 2H2 (gas) Æ CH4 (gas) 
In this reaction, the metal nanoparticles act as catalyst. This reaction has been studied 
30 years earlier126-127 and the final product of methane was detected during the 
etching.127 Although the hydrogenation reaction has been confirmed in nanoparticle 
etching, the detailed mechanism still remains controversial.124 There are two kinds of 
dynamic mechanisms proposed in the literature: one is the interfacial hydrogen 
mechanism -- the molecular hydrogen first decomposes on the metal nanoparticle and 
the atomic hydrogen migrates on or through the nanoparticle to the etching front 
where its reacts with carbon forming methane.128 Another proposed mechanism is the 
carbon dissolution mechanism. The main difference here is that the carbon atoms are 
assumed to first dissolve into the catalytic nanoparticle and then diffuse through the 
particle and react with H2 at the surface of the catalyst.127, 129 Although both of 
interfacial hydrogenation mechanism and carbon dissolution mechanism are accepted 
in the literature, the latter is supported by recent work.124 In particular, Campos et al. 
observed the growth of carbon nanotube during Ni nanoparticle etching. By removing 
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other potential sources of carbon, they demonstrated that the only carbon source for 
carbon nanotube growth must originate from the graphene, which strongly support the 
carbon dissolution mechanism (Figure 2.4.2.7).120 
 
 
Figure 2.4.2.7: Cartoon of a Ni particle etching a graphene sheet (not to scale). Ni 
nanoparticles absorb carbon from graphene edges which then reacts with H2 to create 
methane. (Inset) Summary of the hydrogenation reaction that drives the etching 
process. Figure reproduced from Reference 120. 
 
 To understand the forces that drive the motion of nanoparticles during etching, 
the first issue to address is the state of nanoparticle catalyst. The melting point of 
metal nanoparticles is significantly lower than that of corresponding bulk materials. 
For example, the melting point decreases from 1148 °C for bulk Fe to 650 °C for Fe 
nanoparticles of ~30 nm diameter (both in carbon containing environment).130 
Similarly, the melting point of Co decreases from 1321 °C (bulk) to 600 °C (~30 nm 
nanoparticle) under similar conditions.130 In the literature, typical etching 
temperatures are around 900 °C119 while the size of nanoparticles ranges from a few 
to tens of nanometers.119, 131 Since the melting point of nanoparticles is depressed by 
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the Gibbs-Thomson effect and by the formation of a eutectic with carbon,132 we can 
consider the nanoparticles to be molten droplets.133  
 At the elevated temperature, the molten nanoparticles diffuse (driven by 
Brownian motion) on the surface of graphene or the supporting substrates, such as 
SiO2, until they encounter defect sites114 as well as graphene edges.119 The graphene 
edges and defect sites are chemically reactive due to the existence of dangling bonds 
or lattice distortion.114 On the other hand, a perfect graphene surface is inert to the 
hydrogenation reaction which is supported by the observation that almost all the 
etched trenches start from the graphene edges.119, 133 When the etching initiates, the 
droplet removes the contacting carbon atoms and propagates the etching into the 
graphene sheet, probably a forming step edge at the etching front (Figure 2.4.2.8).133 
Based on the experimental observations, the etched trenches nominally follow the 
crystallographic directions of the graphene lattice, thus ruling out the random thermal 
motion of nanoparticles.  
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Figure 2.4.2.8: Schematic of the experiment. a) Top-down view of graphene etching 
by a molten nanoparticle, showing possible step structure of graphene layers at the 
edge undergoing etching. b) Two-dimensional representation of etching, showing 
advancing and receding contact angles. The gray underlying layer is the substrate 
while the black line being etched away is the graphene, showing an example of a step 
edge. These diagrams are not to scale. Figures reproduced from Reference 133. 
 
 As claimed by Datta, there are two main factors that possibly contribute to this 
particle moving phenomenon: (i) the equilibrium wettability difference between 
graphene and substrate, and (ii) the large surface energy at the graphene edges.133 
Based on the discussion above, the analysis of the motion of nanoparticles can be 
simplified to that of a “running droplet” which has been studied before.134 But this 
only reveals the reason why nanoparticles move during the etching, and does not 
address the preference of certain etching directions. From an atomic point of view, 
there are two possible reaction mechanisms (Figure 2.4.2.9).126 Type A reaction starts 
from an armchair edge configuration and results in a zigzag etched edge. This reaction 
path is reasonable because it requires no rearrangement of the π-electron systems in 
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the graphene/graphite lattice.126 On the other hand, Type B reaction requires a 
complex rearrangement of the π-electron systems and furthermore involves large 
steric strain during such a process, both of which militate against a Type B reaction 
during nanoparticle etching.126 In other words, Type A reaction has lower activation 




Figure 2.4.2.9: Two kinds of reaction types in the hydrogenation of graphene basal 
plane. Figures reproduced from Reference 126. 
 
 For the realization of GNRs, and the application of nanoparticle etching as a 
viable process for the future graphene device fabrication, the controllability of the 
etching location and direction is of primary importance. Unfortunately, it is difficult 
to control the nanoparticle etching due to the small nanoparticle size. Some attempts 
have been made to control the etching direction. Tsukamoto et al. proposed a method 
using a sapphire substrate to control the nanoparticle etching direction.123 After 
annealing the sapphire in hydrogen at around 900 °C for 10 min, a comb pattern is 
observed on the sapphire surface that is normal to the direction of the original terraces 
and steps (Figure 2.4.2.10a and b).123 The single-layer graphene is tightly attached to 
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the sapphire and follows the surface morphology of the substrate.135 Therefore the 
comb pattern on sapphire can be used to guide the nanoparticle etching direction 
(Figure 2.4.2.10 c and d).123 However, the relationship between the step height of 
sapphire, the size of nanoparticles, and the number of graphene layers, needs to be 
further explored to control the etching.123 Moreover, even slight misalignment of the 
comb pattern direction against the crystallographic direction of graphene may result in 
edges of undefined chirality. 
 
 
Figure 2.4.2.10: a) and b) AFM images of a sapphire (1-102) surface a) before the 
annealing (scale bar is 1 μm) and b) after the annealing in the hydrogen atmosphere 
(scale bar is 400 nm). c) and d) AFM image of a graphene flake after etching on a 
sapphire (1-102) surface annealed in a hydrogen atmosphere; the scale bar is 1 μm. 
Figures reproduced from Reference 123. 
 
 Another method is to control the etching direction is through the use of a 
magnetic field, given that the nanoparticles are typically based on ferromagnetic 
materials. The first challenge is to find a material that can serve as a hydrogenation 
catalyst while remaining ferromagnetic at elevated temperatures.136 Unfortunately, the 
Curie temperature of metal particles also decreases with their size so that it is not easy 
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to find a candidate at the temperature required for hydrogenation.137 Bulut et al. used 
an alternative method. By using O2 instead of H2, the etching reaction becomes C + 
O2 Æ CO/CO2 which requires much lower temperature (400 ~ 600 °C) than 
hydrogenation (~ 1000 °C). At this reduced temperature, it is possible to control the 
etching direction of relatively larger nanoparticles by applying an external magnetic 
field (Figure 2.4.2.11).136 However, annealing in O2 may bring about defects to the 
graphene, and such etching based on oxidation may not necessarily follow the 
crystallographic orientation of the graphene lattice.  
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Figure 2.4.2.11: Demonstration of four distinct modes of magnetically controlled 
reactive etching of freshly cleaved natural graphite. Reaction conditions are 550–580 
°C in air with Co catalyst particles and a Sm2Co17 permanent magnet. A) Vertical 
pitting (only in the presence of the permanent magnet mounted in a fixed position 
below the substrate). B) Unidirectional etching (caused by one translational motion of 
the permanent magnet). C) Bidirectional etching (two translational motions of the 
permanent magnet). The close-up image of the selected area (right) shows individual 
channels with cobalt particles at the end of the channel tips. D) Tri-directional etching 
(three translational motions of the Sm2Co17 magnet). The small particle in (C) 
demonstrates the ability to actively steer particles as small as 200 nm. Figures 
reproduced from Reference 136. 
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 In summary, although it has been demonstrated that the direction of nanoparticle 
etching can be controlled to some extent, it is unclear that such an approach holds 
promise for GNR device fabrication. Due to the small size of nanoparticles, the 
control of graphene etching via hydrogenation is a major challenge. Nonetheless, 
considering that catalytic hydrogenation has the potential to engineer graphene into 
desired structures, such as GNRs, with atomic roughness, some alternative catalyst 
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Chapter 3 Realization of Closed-Edge Graphitic 
Ribbons 
 Graphene can be deposited via chemical vapor deposition (CVD) method on 
different metal substrates, such as such as Ir,1 Ru,2 Cu,3 Ni,4 and Pt5 among others. 
Among various metals investigated, Ni and Cu have potential for wide application 
because they are relatively cheap and have proven to be good CVD substrates. 
Although centimeter-sized graphene sheets with a high degree of crystallinity have 
been demonstrated on both Ni4 and Cu3 substrates, graphene growth on nanowire 
templates has been less explored. A closed-edge graphitic ribbon structure could be 
obtained by collapsing a tubular shape into sheets after metal nanowire etching. The 
closed-edge graphene ribbons remove the parasitic defects on the edge side, and thus 
results in higher conductivity than opened-edge graphene ribbons, while revealing 
semiconducting transport behavior.6 
 This chapter presents an approach to graphene tubular structure growth on Ni 
nanowire templates that is repeatable and controllable. The tubular graphene 
structures were characterized by TEM and Raman spectrum analysis. The high quality 
of graphene grown and the ability to control the graphene layer number are 
demonstrated. Closed-edge graphene ribbons could be obtained by removing the 




3.1 Experimental Set-up 
 In this work, we designed and developed a chemical vapor deposition (CVD) 
system for the growth of carbon materials. As shown in Figures 3.1.1 and 3.1.2, the 
system was assembled from a custom-designed growth chamber and standard 
components (vacuum system, gas delivery, heater, optical system, RF & biasing 
supplies). Different gases, such as H2, Ar, NH3, CH4, C2H4, C2H2 and O2, were used 
for the synthesis of graphene and other carbon-based materials. This system was also 
designed to accommodate the generation of capacitively-coupled plasma (CCP) and 
inductively-coupled plasma (ICP) for other applications. 
 
 
Figure 3.1.1: CVD system 
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Figure 3.1.2: Schematic of CVD system 
 
3.2 Experimental Results of Graphene Growth on Metal 
Film 
 We first explored graphene grown on Ni and Cu films to develop growth recipes 
in our CVD system before proceeding to growth on nanowire templates. The data also 
provides a basis for comparison when we discuss the graphene growth mechanism. 
 Firstly, graphene was grown on 300 nm thermally evaporated Ni film on Si/SiO2 
substrate. The CVD chamber was first filled with a 1:2 mixture of H2 and Ar at a total 
gas flow rate of 200 sccm at a pressure of 20 Torr and the sample heated up to 900 °C. 
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10 sccm C2H4 as carbon source was then admitted for 1 min, before the sample was 
slowly cool down to room temperature in 30 min in an Ar environment. The resultant 
material grown is shown in Figure 3.2.1. After high temperature annealing, the 
morphology of Ni film changes into a faceted grain structure. On the surface of the 
polycrystalline Ni substrate, there is a continuous film grown that bridges across grain 
boundaries of the Ni substrate. This phenomenon was also observed by Chae et al. 
when they grew graphene on polycrystalline nickel substrates using C2H2/H2.7 The 
formation of some wrinkles is possibly due to the intense stress incorporated during 
the joining of graphene flakes grown from different locations. To validate that film on 
the Ni surface is graphene, it is essential to transfer the film onto another substrate and 
perform Raman spectrum analysis. 
 
 




 We then transferred the graphene grown onto a Si substrate with 285 nm SiO2 
using the method described by Kim et al.8 The underlying Ni was etched away with 
3% HCl after coating the sample with a 600 nm layer of PMMA. The PMMA layer 
was then dissolved by acetone after transfer to another substrate. An optical image of 
transferred graphene is shown in Figure 3.2.2. The Raman spectrum shown in Figure 
3.2.3 demonstrates the film transferred comprises graphene layers. In particular, the 
shape and ratio of G peak at ~1580 cm-1 relative to the 2D peak at around ~2700 cm-1 
indicate that FLG with fewer than 4 layers has been deposited.7 The appearance of a 
D peak at 1339 cm-1 shows that there are some defects in the graphene layer grown. 
 
 
Figure 3.2.2: a) and b) Transfer of a PMMA film with graphene grown onto another 




Figure 3.2.3: Raman spectrum of transferred graphene (grown on Ni) on Si substrate 
with 285 nm SiO2. 
 
 Another candidate substrate is Cu. We directly grew graphene on 0.025 mm thick 
Cu foil*. The graphene was successfully grown on this kind of Cu foil at 1000 °C for 
40 min by introducing 2 sccm H2 and 14.4 sccm CH4 in to the CVD chamber at a total 
pressure of 500 mTorr. After growth, a similar transfer process was performed and the 
transferred graphene layer is shown in Figure 3.2.4. The Raman spectrum of this 
graphene (Figure 3.2.5) shows typical features of monolayer graphene:3 (i) a ~0.5 
G–to–2D intensity ratio and (ii) a symmetric 2D band centered at ~2680 cm–1 with a 
full width at half maximum (FWHM) of ~39 cm–1. The very weak D peak (low 








Figure 3.2.4: Transferred graphene (grown on Cu) on Si substrate with 285 nm SiO2. 
Scale bar: 20 μm. 
 
 
Figure 3.2.5: Raman spectrum of transferred graphene (grown on Cu) on Si substrate 
with 285 nm SiO2. 
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3.3 Methodology of Graphene Growth on Metal Nanowire 
Templates 
 Although both Ni and Cu are established templates for the growth of graphene 
films, nanowires of Ni are preferred. With copper, it was observed that nanowires of 
around 100 nm in diameter underwent a significant degree of morphological change 
due to Rayleigh instability under our graphene growth conditions using copper at 
around 1000 °C. Polycrystalline copper nanowires broke up into spheroidal islands 
leading to irregular formations (Figure 3.3.1). However, the polycrystalline Ni 
nanowires (melting point: 1453 °C for bulk Ni material) we used were more resilient 
to morphological changes at ~750 °C required for the CVD growth of high-quality 
graphene on Ni. 
 
 
Figure 3.3.1: Cu nanowire after CVD process. Scale bar: 1 μm. 
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 In this work, Ni nanowires (of ~70 nm diameter) were first prepared by 
electrodeposition of Ni into an anodic-aluminum-oxide (AAO) membrane9 which was 
subsequently etched in sodium hydroxide to result in free-standing Ni nanowires. The 
Ni nanowires were then well-dispersed in ethanol following ultrasonication.9 The Ni 
nanowires, of several micrometers in length, are polycrystalline (Figure 3.3.2) and 
have a diameter of 71.8 ± 4.8 nm. The nanowires were then employed as a template 
for the subsequent growth of few-layer graphene via CVD. The polycrystalline nature 
of the Ni wire would not affect the formation of continuous graphene layers that cover 
the Ni wire surface as graphene has been shown to grow parallel to the Ni surface 
irrespective of the Ni crystallographic orientation. This was shown by the graphene 
growth on planar substrates. An earlier work in 1994 using TEM to investigate CVD 
graphite grown on Ni surface conducted by Johnasson et al. demonstrated that for all 
Ni grains the graphite layers grow parallel to the grain surface.10 Recently, Reina et al. 
thermally annealed Ni films, deposited by e-beam evaporation on Si/SiO2 substrate, 
which resulted in Ni films with single-crystalline grains of sizes between 1 μm to 20 
μm.11 Because of the formation of grain boundaries, the top surface of the Ni film 
becomes discontinuous after the thermal annealing. Nevertheless, Reina and 
co-workers found that single- and few- layer graphene bridges across these gaps, thus 
forming a continuous film over the entire Ni area.11  
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Figure 3.3.2: TEM image of the polycrystalline Ni nanowires. Scale bar: 200 nm. 
 The Ni nanowires were dispersed either onto an oxidized Si substrate (285 nm 
oxide thickness), or directly onto a lacey-carbon TEM grid. The prepared samples 
were placed on a boron-nitride coated heater in the CVD chamber filled with a 1:2 
mixture of H2 and Ar at a total gas flow rate of 200 sccm at a pressure of 20 Torr. As 
the Ni nanowires had been exposed to the environment in the course of 
experimentation, a native oxide layer would invariably be present. The native oxide 
sheath was first reduced by heating the sample in this ambience at 750 °C for 10 min, 
before introducing a timed burst (flow rate of 1 sccm) of ethylene (C2H4) as the 
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carbon-containing precursor, in addition to the H2/Ar flow. The precursor feeding 
time, typically in the order of a few to tens of seconds, determines the number of 
layers of graphene grown. The sample was then cooled to room temperature within 5 
minutes in a flow of 133 sccm Ar at 20 Torr chamber pressure. The 750 °C 
annealing/growth temperature had been optimized to avoid morphological changes to 
the Ni nanowire at higher temperatures while maintaining the growth of 
highly-crystalline graphene layers that is not achievable at lower temperatures. 
 
3.4 Characterization of Graphene Layers Grown on Ni 
Nanowires 
 In Figure 3.4.1, a uniform tubular structure of a 3- or possibly 2- layer graphene 
can be observed on a typical Ni nanowire – we are unable to ascertain whether a 
graphene layer is present at the interface with the Ni nanowire surface. The nanowire 
was placed on a lacey carbon TEM grid, and subjected to CVD growth conditions 
with a precursor feeding time of 10 seconds. Statistical analysis of the number of 
graphene layers on different nanowires within the same TEM grid indicates a range of 
2~5 layers. The difference in the number of graphene shells could have arisen from 
different growth rates due to nanowire temperature variations across the grid with 
variable thermal contact resistance, and convective and radiative heat losses playing a 
role. Indeed, with thicker growths, the spread in the number of layers is found to 
increase, as discussed below. However, on a specific Ni nanowire, the number of 
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graphene layers is observed (by sampling the entire nanowire length) to be uniform 
along the nanowire, as shown in Figure 3.4.1 for 3 nearby selected areas. The 
graphene layers were found to smoothly follow the contour of the wire surface and 
showed no obvious breakage or wrinkles.12 From TEM analysis, the average 
interlayer spacing was found to be 0.34 nm, which matches well with the interlayer 
spacing of graphite.13 
 
 
Figure 3.4.1: TEM images (JEOL 2010F TEM at 200 keV). a) Ni nanowire with 
graphene shells. Scale bar: 50 nm. b) ~ d) Details of graphene layers at different 
locations indicated in a). Scale bar: 2 nm. 
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Figure 3.4.2: Electron diffraction on graphene-coated Ni nanowire. 
 To study the crystallinity of the graphene layers, electron diffraction (Figure 3.4.2) 
was carried out on the as-synthesized graphene-coated Ni wire. The diffraction pattern 
was taken at the centre of the Ni nanowire. The larger bright spots represent the FCC 
Ni lattice of the metal nanocore. The calculated lattice spacing is 0.129 nm which 
corresponds well to the (220) lattice spacing of Ni.14 Additionally, two distinct sets of 
faint but well-defined spots formed on a hexagonal basis can also be clearly observed 
within and outside the Ni diffraction pattern. The in-plane lattice constant is 
determined to be 0.225 nm which is close to the value of graphite.11 These diffraction 
spots confirm that layers surrounding the Ni wire core are indeed well-crystallized 
graphene sheaths. A very weak ring pattern connecting the diffraction spots of 
graphene can also be seen which indicates the presence of some amorphous carbon.11 
Note that the alignment relationship between the Ni and graphene lattices in Figure 
3.4.2 is fortuitous, and in other areas, there is no particular relationship between the 
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two. Since our Ni nanowires are polycrystalline, grain boundaries could be potential 
sites for defects in the graphene layers. TEM images in the vicinity of a number of 
grain boundaries show that graphene layers tend to be continuous if the surface 
topography is smooth, whereas grain grooves tend to give rise to defective or 
discontinuous graphene layers (Figure 3.4.3).  
 The graphene layers were examined in detail at the grain boundaries of the 
polycrystalline Ni nanowire. We identified grains through dark-field images of the 
nanowire, and then examined the graphene layers in the vicinity of the grain 
boundaries. Figures 3.4.3(a)~3.4.3(c) show a typical Ni nanowire after 1 min 
graphene growth (C2H4 feeding time). By comparing the bright and dark field images 
of Figures 3.4.3(a) and (b), the position indicated in the three images is a Ni grain 
boundary. The quality of the overlying graphene layers is good, as shown in (Figure 
3.4.3(c)). In many instances, the graphene layers were found to be continuous over 
grain boundaries (Figure 3.4.3(d)). On the other hand, at other grain boundaries with 
noticeable grain grooves (Figure 3.4.3(e)) or roughened surface (Figure 3.4.3(f)), 
defective or discontinuous graphene layers can also be found. From Figure 3.4.3, 
some grains are as small as 20 nm on this nanowire. On other nanowires after 
graphene layers growth, single-crystal bamboo-like grains can be as long as several 
hundred nanometers. In addition, although the graphene layers are able to bridge 
across the Ni grain boundaries, the graphene grown via CVD method should be 
polycrystalline which is constituted from the joining of many single crystalline 
graphene grains. Graphene boundary mapping in CVD-grown polycrystalline 
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graphene on Cu substrates has previously been performed in 2010 by Kim et al. using 
electron diffraction in scanning transmission electron microscopy (STEM) and 
dark-field imaging in conventional TEM.15 Their results suggest that numerous 
graphene grain boundary formations occur within a single substrate grain.15 The 
graphene grains have complex shapes and many different crystal orientations which 
have been demonstrated in 2011 by Huang et al.16 The positions of structural defects 
or morphology change in CVD graphene, such as formation of wrinkles,7 do not 




Figure 3.4.3: Graphitic layers on the grain boundaries of Ni nanowire. (JEOL 2010F 
TEM at 200 keV). a) and b) Bright and dark field images of graphene layers across Ni 
nanowire grain boundary, respectively. Both scale bars are 10 nm. c) Higher 
magnification image of the area indicated in (a) by the box. Scale bar: 5 nm d) 
Continuous graphene layers across Ni grain boundary. Scale bar: 5 nm. e) Defective 
graphitic layers across a grain groove. Scale bar: 5 nm. f) Discontinuous graphitic 
layer due to a roughened underlying Ni surface at a grain boundary. Scale bar: 5 nm. 
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 By agglomerating the metal core at higher temperatures following growth, we are 
able to observe, without obfuscation by the template, the graphitic tube structure 
which appears to be concentric (Figure 3.4.4). To explore the growth mechanism, we 
used the same method described above, but prolonged the precursor feeding time to 5 
minutes. Figure 3.4.4(a) shows a typical Ni nanowire with thick graphitic layers. This 
corroborates our proposed growth mechanism. It can be seen from the high 
magnification TEM image (Figure 3.4.4(b)) that the crystallization quality of the thick 
graphene layer is still high. To analyze the structure of the graphene tubes, it is 
desirable to remove the Ni template. This was carried out by agglomerating the metal 
core following growth by increasing the temperature. However, the tubular structure 
could only be maintained for relatively thick tubes, as thin tubes would collapse 
without any external support. We used the same process to grow thick graphitic layers 
on Ni nanowires as described above. Then we turned off the carbon source (C2H4) and 
increased the temperature to 800 °C to perform a further annealing for 5 minutes. As a 
result, the Ni nanowire core agglomerated and became discontinuous leaving hollow 
graphitic tube segments. The morphology of the tube changed due to the stress 
induced by the agglomeration process, which resulted in an oval cross-section (Figure 
3.4.4(c)). Figure 3.4.4(d) shows an enlarged view of the hollow tube structure which 
appears to comprise concentric graphitic layers. Before the agglomeration of the inner 





Figure 3.4.4: Typical TEM images of thick graphene-coated Ni nanowire and hollow 
tube structure (JEOL 2010F TEM at 200 keV). a) Graphene layers around Ni 
nanowire after 5 min growth. Scale bar: 20 nm. b) High magnification view of 
graphitic layers. Scale bar: 5 nm. c) Hollow graphene tube structure with 
agglomerated Ni. Scale bar: 100 nm. d) High magnification view of a hollow tube 
segment. Scale bar: 5 nm. 
 
 In order to gain insight into the defects, electronic structure, and phonon 
dispersion of as-synthesized graphene tubes, Raman analysis was performed on a 
graphene-coated Ni nanowire. Raman spectroscopy was carried out on a 
WITecCRM200 Raman system with 532-nm (2.33 eV) excitation and laser power at 
the sample below 0.1 mW to avoid laser-induced heating.18 The Ni nanowires were 
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dispersed onto a SiO2/Si substrate and graphene layers were synthesized with 15 sec 
precursor feeding time. The G peak (Figure 3.4.5) of the synthesized nanotubular 
structure is located at ~1580 cm-1 coinciding with the G peak for planar graphene. The 
position and shape of this G peak verifies the formation of sp2 phase carbon and 
provides further evidence that graphene was indeed formed.19 In addition to the large 
G peak, a small D peak (~1351 cm-1) is present in our sample. This weak D peak is 
common in CVD-grown graphene films and is often attributed to the presence of 
structural defects in the material.20 The small amplitude of the D peak as compared to 
that of the G peak suggests that structural defects in our graphene layers are relatively 
insignificant and the degree of crystallization of our graphene tubes is relatively good. 
Finally, we focus on the 2D peak located around 2700 cm-1. The ratio of IG/I2D of 
around 1.77 for this sample suggests a few-layer (more than 4) graphene structure,21 
as expected given the longer (15 sec) exposure to the precursor. 
 
Figure 3.4.5: Raman spectrum of graphene on a Ni nanowire template. 
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 To explore the relationship between the precursor feeding time and the number of 
graphene layers, systematic studies on the growth rate were carried out. As thin 
graphene layers are usually of greater interest, we focus on relatively short feeding 
times here. Graphene tube growths were carried out varying only the feeding time 
from 5 to 30 sec while keeping other parameters unchanged. From Figure 3.4.6, it is 
clear that the number of layers increases with feeding time. There is, however, 
uncertainty in discriminating the first layer on the Ni substrate from the TEM images, 
although the contrast difference at the edge of Ni nanowire in Figure 3.4.6(a2) looks 
similar to the published cross-sectional views of single layer graphene grown on Ni 
film11 and by substrate-free gas synthesis method.22 From Figure 3.4.6 (b2) to (d2), the 
formation of graphene layers can be easily identified by the interlayer spacing which 
is around 0.34 nm. Since there is a spread in the number of graphene shells on 
different nanowires within a single batch as discussed earlier, the average layer 
number was calculated by sampling 30 graphene-coated nanowires per batch, from 
which the growth rate was estimated to be approximately 1.5 layers for 5 seconds of 
feeding time. It was also found that the spread in the number of graphene shells 
increases with growth time (Figure 3.4.7). The increase in the spread is consistent 
with growth rate variations across a TEM grid which, as discussed earlier, is likely to 




Figure 3.4.6: Graphene grown on Ni nanowires with different precursor feeding time. 
a1) ~ d1) Ni nanowire after graphene growth with 5s, 10s, 15s and 30s C2H4 feeding 
time, respectively. Scale bar: 50 nm. a2) ~ d2) Graphene grown on the surface of a1) ~ 
d1). Scale bar: 2 nm. 
 
 




 In addition to the previous result, we also observed the end of Ni nanowire that is 
covered with graphene grown. Ni nanowires were dispersed onto a TEM grid. 
Following the method described in main text, a thick graphene layer was grown on 
the Ni nanowires (carbon source feeding time is 1 min). Figure 3.4.8 shows that the 
end of the Ni nanowire is also covered by graphitic layers.  
 
 





3.5 Discussion of the Graphene Growth Mechanism on Ni 
Nanowire Template 
 The growth mechanism of the graphene tubes is now considered. Since the entire 
Ni wire, including both wire ends are capped and wrapped around by graphene layers 
as discussed before, the well-known ‘base growth’ or ‘tip growth’ mechanism of CNT 
growth cannot be responsible here, in the absence of characteristic metal catalysts at 
the ends23 or segmented catalyst trails along the CNT bore.12 
 Another well-accepted mechanism of graphene growth on transition metal 
surfaces, such as Ni, is dissolution followed by precipitation.11, 24 When a heated 
metal (e.g. Ni) surface is exposed to a gaseous mixture of H2 and a carbon-containing 
precursor, physisorption of the carbon-containing precursor on the metallic surface 
takes place. This is followed by the catalytic decomposition of the precursor to 
generate free carbon atoms that are subsequently incorporated into the metal forming 
a Ni-C binary alloy. As the solubility of carbon in Ni is temperature-dependent (with 
higher solubilities at higher temperatures), the carbon atoms precipitate as a graphene 
layer on the Ni surface upon cooling of the sample. The number of graphene layers 
produced in this case can be influenced by the exposure time, temperature, and 
strongly by the rate of cooling.25 Following this mechanism, the maximum number of 
graphene layers that can be synthesized on our Ni nanowire is at most 0.4 given the 
low solubility of less than 0.2 wt%7 of C in Ni at 750 °C. Particularly, the Ni 
nanowire is assumed to be L = 1 µm in length and r = 35 nm in radius. The volume V 
and the surface area SNi (neglecting the two ends) of the Ni nanowire is thus given as: 
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V = πr2L (3.5.1) 
SNi = 2πrL (3.5.2) 
Assuming the bulk density of Ni ρ = 8.908 g/cm3, the mass of the Ni nanowire is  
mNi = ρV    (3.5.3) 
Since the solubility of carbon in Ni is less than 0.2 wt% at 750 °C, we use 0.2 wt% 
here for an upper limit on the number of graphene layers that can precipitate. The 
mass of carbon is  
mC = 0.2 % × mNi     (3.5.4) 
Consider one hexagon in graphene lattice: the distance between two carbon atoms a = 
1.42 Å. So the area of one hexagon is: 




Every hexagon contains 2 carbon atoms in the hexagonal lattice. The number of 
carbon atoms NC need to form a single layer that covers the surface of the nanowire is 
    NC = 2 × SNi/ SHexagon (3.5.6) 
Using the Avogadro's constant NA = 6.022 × 1023 and the relative atomic mass of 
carbon of 12.01, the mass of this single layer graphene is 
    mone graphene layer = NC/NA × 12.01 (3.5.7) 
    Though there are more carbon atoms in the outer graphene layer on a Ni 
nanowire, here for simplicity we can assume an equal number of carbon atoms in 
every graphene layer. This assumption would not negate our result since we are 
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calculating the upper limit of the number of graphene layers (i.e., Nmax is slightly 
larger than the actual number of layers). Then the maximum number of layers is  
    Nmax = mC/ mone graphene layer                            (3.5.8) 
 From Eqs. (3.5.1) ~ (3.5.8), Nmax is calculated to be around 0.4. Based on this 
estimation, even if all the carbon atoms in carbon/Ni solid solution were to precipitate 
from the Ni nanowire, less than a monolayer of graphene can form and this number is 
much less than our experimental results. This is in contrast to our observations that 
multiple layers could be grown with increasing precursor exposure, and tubes with up 
to 60 layers can be readily obtained, ruling out the dissolution-precipitation 
mechanism.  
 Based on our experimental data, we believe that the formation of graphene layers 
enveloping the Ni nanowire is a multistep process. The early stage of graphene tube 
formation may be explained by the metal-induced graphitization process proposed by 
Saegner et al.26 Once C2H4 is introduced into the chamber and adsorbed on the hot Ni 
wire surface, it begins to decompose to form radicals or amorphous carbon. These 
carbon atoms dissolve into the Ni until supersaturation, a stage that will be quickly 
reached given the low solubility limit (less than 0.2 wt%) and small volume of the 
nanowire. Further incorporation of carbon into Ni will allow crystalline carbon to 
nucleate preferentially at grain boundaries, in a manner similar to metal-induced 
crystallization of amorphous Si.27-29 This leads to the formation of graphene islands 
on Ni nanowires. These graphene islands have very reactive edges that become 
favorable reaction sites for further carbon radical adsorption and diffusion.10 As a 
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result, the separate graphene flakes grow laterally, and finally meet and join each 
other forming a final continuous graphene film.30 This step is similar to that 
encountered with CVD graphene grown on Cu foil. Li et al. observed the intermediate 
stage where many separated graphene flakes are deposited on the Cu foil.17 They 
found that the low carbon precursor flow at low chamber pressure favors larger 
graphene flakes but they hardly join each other. In contrast, small graphene islands 
can be quickly grown to connect graphene flakes with higher carbon precursor under 
higher pressure. By combining these two methods, a two-step CVD process has been 
demonstrated to promote full Cu surface coverage with continuous graphene layer.17 
Unlike Cu, the high solubility of carbon in Ni and high reactivity of Ni surface sites, 
such as Ni grain boundaries,31 promote a higher graphene nucleation density32 which 
easily leads not only to continuous graphene layer on Ni surface but also a high 
possibility of multilayer graphene growth.33 After the formation of the first layer of 
continuous graphene on the entire Ni surface, the Ni substrate no longer influences the 
growth. Growth of a subsequent layer has now to be initiated on the graphene layer 
that had been previously formed. As proposed by Chae et al., intense stress can be 
involved when the individual graphene flakes join adjacent ones.7 Defects are 
therefore most likely to be present along the edge at such joints. A new step edge 
could form when a flake starts to overlap another and act as a reactive site for the 
subsequent layer growth of graphene. Such step edges from a graphene layer account 
for the formation of ultra-thick graphene layers (60 nm) on Ni substrate reported by 
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Johansson et al. who refer to such reactive edges as embryos.10 Similarly, superficial 
graphene shells in our case may be grown via the same mechanism. 
 
3.6 Realization of Collapsed Graphene Tubular Structure 
and Electrical Measurement 
 In order to investigate the electrical properties of the graphene tube, the Ni wire 
core has to be removed. This can be achieved using a FeCl3 solution to dissolve the Ni 
nanowire core.8 As a thin tubular structure with such a large diameter tends to 
collapse with progressive etching of the core support, it was necessary to support the 
graphene tube externally so as to maintain its structural integrity and prevent 
uncontrolled collapse of the tube which can lead to a crumpled tube in its collapsed 
state. After CVD growth, the graphene-covered Ni nanowire was laid on a SiO2/Si 
substrate. A 200 nm layer of poly (methyl methacrylate) (PMMA) was spin-coated 
onto the sample, followed by baking at 120 °C to drive off the solvent and allow the 
polymer to reflow. Electron beam lithography was carried out to expose the ends of a 
graphene-covered Ni nanowire, as shown in Figure 3.6.1a, followed by a short oxygen 
plasma etch to strip the uncovered graphene in order to expose the bare Ni nanowire. 
This is necessary, as the entire nanowire would otherwise have been covered with 
graphene, which would prevent ingress of the etchant. The sample was immersed in 
1M FeCl3 solution for 2 hours to remove the Ni core. Figures 3.6.1b and 3.6.1c show 
SEM images of a nanowire end with the PMMA removed, and after core removal, 
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respectively. Since the Ni nanowire acted as a mask that protected the graphene on the 
underside from O2 plasma etching, some residual carbon is seen outside the PMMA 
layer in Figure 3.6.1c.34 
 
 
Figure 3.6.1: a) Optical image of windows opened on protective PMMA layer by 
electron beam lithography. Scale bar: 10 µm. b) 75°tilted SEM image of a). (FEI 
Nova 230 SEM 5.00 kV). Scale bar 200 nm. c) After 90s O2 plasma etch and 2 hours 
immersion in FeCl3. Scale bar 200 nm. 
 Figure 3.6.2a shows an AFM image of collapsed tubes after PMMA dissolution 
in acetone. The estimated number of graphene layers is 4~6 based on the precursor 
feeding time while the diameter of the original tube is ~70 nm. The Ni core has been 
totally removed and the graphene tube collapsed with a uniform profile. In its 
collapsed state, the width of the structure is 97 nm which is commensurate with the 
original tube diameter and provides further evidence that the tube has indeed 
collapsed. The height profile (Figure 3.6.2b) along the indicated direction shows that 
the top surface of the tube curves down and forms a saddle shape. The height of the 
collapsed tube at the lowest point is around 10 nm which suggests that a hollow space 
may be present between the top and bottom surfaces of the tube, although we could 
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not rule out the possibility that bottom surface may also be saddle-shaped. Figures 
3.6.2c and 3.6.2d are schematic illustrations of an original and a collapsed tube. 
 
 
Figure 3.6.2: AFM image of graphene tubular structure after the removal of Ni core. 
a) Collapsed tube on SiO2/Si substrate. Scale bar: 200 nm b) Height profile across the 
segment indicated in a). c) and d) Schematic illustrating the collapse of the graphene 
tube upon dissolution of the PMMA overcoat.  
 Finally, we tested the electric field effect on a collapsed 2.5 μm long, 4~6 layer 
graphene tube, by using the silicon substrate as the back-gate. The 300nm-thick SiO2 
layer insulates the collapsed tube from the degenerately-doped silicon substrate. We 
deposited two Cr/Au electrodes onto the collapsed tube structure (Figure 3.6.3b) and 
measured the conductance as function of the back-gate voltage (Figure 3.6.3a). 
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Figure 3.6.3: Electric field effect of the collapsed tube structure. a) Gate-dependent 
conductance of the collapsed tube. b) AFM image of the transistor test structure. Scale 
bar: 2 μm.  
 As the gate voltage Vg was swept from -25 V to 25 V, the conductance of the 
device reaches a minimum at a gate voltage around 12 V. This can be explained by 
the unintentional doping of various ions or charge impurities (mainly negatively 
charged) during the fabrication process, which pushes the charge-neutral point 
positive. The broad trough in the conductance curve for Vg = 5 V to 20 V is also 
different from the behavior of flat graphene devices. This difference can be explained 
by the weaker capacitance coupling due to the tubular structure35 as the hollow space 
inside the tubular structure increases the distance between the top graphene layers and 
the substrate and causes the entire structure to be less sensitive to the substrate bias.  
 This collapsed tube structure could be regarded as a closed-edge graphene ribbon 
which has been experimentally proven to have higher conductivity compared with 
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opened-edge graphene ribbons due to the defect-free edges.6 Apart from the formation 
of closed-edge graphene ribbon structure, the top part of the graphene layers grown on 
a nanowire could be removed by oxygen plasma leaving the bottom layers that are 
protected from etching by the nanowire core. After the removal of the nanowire, an 
opened-edge graphene ribbon6 could be obtained.  
 
3.7 Conclusion 
 In conclusion, we have developed a new approach to fabricate large diameter 
graphene tubes on Ni nanowire templates. The quality of the graphene tube was 
characterized by TEM diffraction and Raman spectroscopy, and indicates good 
crystallization that is comparable to that of graphene grown on planar transition metal 
substrates. The number of graphene layers can be controlled by the precursor feeding 
(or growth) time while the bore diameter is determined by the nanowire template. 
After the removal of the metal template, we successfully demonstrated the ability to 
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Chapter 4 Realization of Zigzag-Edge Graphitic 
Ribbons 
 Graphite and graphene can be etched by catalytic hydrogenation using various 
metals, such as Fe,1 Ni,2 Ag3 and Co.4 In this work, we choose Co as the catalyst. The 
hydrogenation reaction is known to leave etched edges with defined chirality.5 
However, the etching direction and location are difficult to control due to the small 
size of nanoparticles. Although the nanoparticle etching of graphite is and has been 
studied extensively, etching with relatively larger volume metal islands is less well 
investigated. Co islands can etch the graphite surface to form regular polygon pits, 
which can potentially be used for graphite patterning. Due to the increased size, the 
pre-patterning of the Co catalyst becomes achievable through a conventional electron 
beam lithography (EBL) process. Hence, a graphitic ribbon structure with defined 
edge chirality could be obtained through a well-controlled metal island etching. 
 This chapter contains a study of Co assisted graphite etching. The etching 
phenomenon was characterized by SEM, TEM and AFM. The chirality of etched 
edges was identified through Raman spectrum analysis. The mechanism is then 
investigated and discussed. At the end, graphitic ribbons with zigzag edges at defined 
position are realized by such etching utilizing the Co islands deposited at the edges of 
graphite strips.  
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4.1 Phenomenon and Characterization 
 A thin cobalt (Co) film deposited on thick graphite is observed to etch the 
graphitic surface when it is heated above 750 °C in a low-pressure hydrogen 
ambience. In this work, graphite flakes were first mechanically exfoliated onto a 5 
mm by 5 mm oxidized Si substrate with 285 nm thick SiO2. After annealing in 
forming gas (5% H2 and 95% Ar at total pressure 10 Torr) at 400 °C for 1 hour to 
remove tape residue, a 10 nm Co film was deposited onto the sample by thermal 
evaporation. The prepared sample was then placed on a thin rigid carbon heater (5 
mm wide, 100 mm long and 0.5 mm thick) of low thermal mass in the CVD chamber 
filled with a 1:2 mixture of H2 and Ar at a total gas flow rate of 200 sccm at a pressure 
of 20 Torr. 
 By controlling the pre- and post- annealing profile, the metal film breaks up into 
islands rather than nanoparticles, and etching is only initiated at certain sites on the 
graphite surface. The temperature, which is controlled by the power supplied, follows 
the profile in Figure 4.1.1. As the sample had been exposed to the environment in the 
course of experimentation, a native oxide layer would invariably be present on the Co. 
The native oxide was first reduced by heating the sample in this ambience at 750 °C 
for 1 min. The final temperature reached was 950 °C. After the annealing process, the 
power supply of the heater was immediately shut down. The temperature of the 
samples decreases sharply at first (temperature decreases to below 500 °C within a 
second) and then to room temperature in 15 minutes. This quench can be performed at 





Figure 4.1.1: Time dependence of experimental parameters: temperature, pressure, 
and gas composition/flow rate. 
 
 To study the intermediate stages of etching, we quench the annealing process by 
shutting down the power supply of heater at different times (A~D) shown in Figure 
4.1.1. As mentioned above, the temperature decreases quickly to less than 500 °C 
which freezes the state of Co on graphite. In Figure 4.1.2a, a continuous Co layer was 
evaporated onto the surface of graphite. During the annealing, the Co film starts to 
break up and form islands on the graphite surface, as shown in Figures 4.1.2b and 
4.1.2c. Meanwhile, the small Co islands drift on the surface of graphite, join each 
other and tend to stop at some defect sites on the graphite underneath. The etching 
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process then starts and the Co islands extend to form single-crystal patches encased 
on the surface of graphite (Figure 4.1.2d). If annealed further, the Co tends to etch the 
graphite and extend to fill the etching pits and could also ball up inside the pits 
(Figure 4.1.2d). This phenomenon may lead to the crystallographic patterning of 
graphene layers and thus deserves further investigation. In addition, if we further 
anneal the sample at about 950 °C for 10 min, the Co patches will etch the graphite 
further and totally ball up (Figure 4.1.3). 
 
 
Figure 4.1.2: a) Graphite surface coated with 10 nm Co film. Scale bar: 2 μm. b) 
Sample just reached 750 °C. Scale bar: 2 μm. c) Sample after 30s annealing at 750 °C. 
Scale bar: 400 nm. d) Sample after entire annealing process. Scale bar: 1 μm. (Nova 




Figure 4.1.3: Sample after 10 min additional annealing at 950 °C. Scale bar: 1 μm. 
(Nova NanoSEM 230 at 10 kV). 
 
 The etching is found to progress along fronts aligned along principal 
crystallographic directions of graphite leading to pits enclosed by edges oriented at 
60° or 120° relative to each other, as indicated in Figures 4.1.4a and 4.1.4b. Some of 
the Co enclosed within the pits also ball up and leave regular etching pits on the 
graphite surface. A statistical analysis on the angles between the etched edges show an 
equal distribution of angles in multiples of 60°, and we did not observe any edges that 
are aligned to 30° directions from one of these principal directions, thus indicating 
that all the etched edges must be of the same chirality.6 
 To study in detail the crystallinity and epitaxial relationship between Co and 
graphite of the etched structure, we characterized the samples in a transmission 
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electron microscope (TEM). To prepare a sample that could provide a top view of the 
Co etched graphite surface, the sample was spin-coated with a 600 nm thick poly 
(methylmethacrylate) (PMMA) layer and baked at 120 °C in an oven for 30 min to 
improve the adhesion of the PMMA to the graphite pieces. After immersion in a 45 wt 
% KOH solution at room temperature for about 2 hours, the PMMA membrane 
detached from the substrate and was transferred on a lacey carbon TEM grid. The 
PMMA layer was then removed by acetone.7 Figures 4.1.4c and 4.1.4d show a typical 
Co etched graphite surface where the edge acuity of the etched graphite layers appears 
to be excellent. Selected area electron diffraction (SAED) was then carried out with 
an electron beam diameter of 200 nm at locations that enclose both Co and graphite 
(Figure 4.1.4c inset). The primary hexagonal set of diffraction pattern represents the 
graphite. There is a second set of dots adjacent to the graphitic diffraction pattern 
where the lattice spacing is measured to be 0.25 nm (calibrated by the in-plane lattice 
spacing 0.246 nm of graphite8) which is close to the value of Co(0001) surface (lattice 
mismatch <2%9). From these diffraction patterns, we can conclude that the Co patches 
filling the etching pits are single crystal and epitaxially aligned with the graphitic 




Figure 4.1.4: a) Top view of Scanning Electron Microscope (SEM) image of a typical 
etched graphite surface. Scale bar: 1 μm. (FEI Nova NanoSEM 230 at 10 kV). b) 45° 
tilted SEM image. Scale bar: 500 nm. (FEI Nova NanoSEM 230 at 10 kV). c) TEM 
image of Co etched graphite surface. Inset of c) is selected area electron diffraction of 
position indicated.  Scale bar: 500 nm. (JEOL 2010F TEM at 200 kV). d) Higher 
magnification of the hexagonal Co in graphite. Scale bar: 100 nm. (JEOL 2010F TEM 
at 200 kV). 
 
 To study the quality of the edges produced by the Co etching, we carefully 
examined the etched edges over an area of ~50 nm2 in the TEM (the highest 
magnification attainable). Figures 4.1.5a and 4.1.5b show an etched graphite edge 
after the Co had been retracted through a balling-up process. The edges still look 
sharp and smooth. High magnification images on edges along a Co-graphite junction 
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(Figures 4.1.5c and 4.1.5d) show similar edge quality. 
 
 
Figure 4.1.5: a) and b) Etched edge with Co balled up. Scale bar: 50 nm and 10 nm 
respectively. c) and d) Etched edge with Co and graphite junction. Scale bar: 50 nm 
and 10 nm, respectively. (JEOL 2010F TEM at 200 kV). 
  
 To study the etching phenomenon from a side view, we used a focused ion beam 
(FIB) to cross-section some of the Co pits after deposition of a protective layer (Pt or 
SiO2). The lamellae were then transferred to a TEM grid by Omniprobe for further 
viewing. Higher magnification TEM images were taken from the side view of the Co 
etching pits. The Co-graphite interfaces at the etched edges and pit bottom are shown 
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in Figure 4.1.6b and 4.1.6c. The electron diffraction pattern taken at position c shows 
aligned double dots (Figure 4.1.6d) which indicates that the Co atoms are arranged 
according the graphite lattice. In principle, we should observe a Co diffraction spot 
beside each graphite diffraction spot. The appearance of some single spots in the 
diffraction pattern is caused by too high intensity of the diffracted beams and/or the 
small distance between the spots. 
 
 
Figure 4.1.6: a) FIB cut sample. Scale bar: 200 nm. b) and c) Higher magnification 
images at the position indicated in a). Scale bar: 5 nm. d) Electron diffraction pattern 
at Co-Graphite interface. Scale bar: 51 nm-1. (JEOL 2010F TEM at 200 kV). 
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 Atomic Force Microscope (AFM) measurements of the etch pits after balling up 
of the metal (Figure 4.1.7) show that tens of graphene layers have been totally 
removed while the underlying surface is planar to within 1-2 atomic layers. The small 
roughness in the height profile is actually at the limit of the accuracy of the 
measurement, and provides evidence that the etching stops at a certain depth. By 
sampling 30 positions on different graphite pieces on one typical sample, the etched 
pit depth was found to be in the range from 10 to 22 nm. If the graphite is sufficiently 
thin, the Co can etch through to the substrate and leave polygonal through-holes in the 
graphite. 
 The Co could be removed by acid and the etched graphene layers isolated and 
transferred to other substrates using micromechanical cleavage method by Scotch® 
tape. Figure 4.1.7b shows graphene layers with etched pits transferred onto a Si/SiO2 
substrate. The thickness of the indicated graphitic layers in Figure 4.1.7b is measured 
to be 2.57 nm (7~ 8 layers of graphene) which is significantly smaller than the typical 
depth of etched pits in the original sample, demonstrating that this graphite flake 
originated from the top layers of the etched graphite surface. In addition, prepatterned 
structures on HOPG could also be transferred by transfer-printing technique.10 The 
pre-patterned graphite could be attached to some media material, such as gold film,11 
and be exfoliated and transferred to arbitrary substrates during a printing step. An 
alternative way is to directly stamp the pre-patterned graphite on to another 
substrate.12 Furthermore, this stamping process could be assisted by electrostatic force 
for thinner product.13 Both of these printing and stamping processes could be repeated 
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for many times yielding the same single or few layer graphene patterns, which favors 
the mass production of graphene devices. 
 
 
Figure 4.1.7: a) AFM image and typical height profile on etched graphite surface. 
Scale bar: 500 nm. b) AFM image and typical height profile isolated and transferred 
graphene layers from etched graphite surface. Scale bar: 500 nm. 
 
4.2 Mechanism Investigation and Discussion 
 The etching mechanism is now considered. During the annealing, the Co film 
shows a severe morphology change at 750 °C as described above, which is due to the 
melting of the Co film. Peng et al. demonstrated that thick-film (> 4 molecular layers) 
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melting erupts along grain boundaries in polycrystalline solid films at certain 
temperature Tm forming liquid ‘strips’.14 The solid-liquid interfaces propagate15 when 
the temperature is higher than Tm and thus the Co film reaches a solid-liquid 
coexistence regime (~ 50% in volume fraction).14 Further increase in temperature 
leads to liquid-phase Co containing many small crystalline patches, which is not 
considered to be in coexistence.14 Under our experimental conditions (750 °C~ 950 
°C), the Co film is likely to be at this stage. Once our Co film breaks into isolated 
islands, it can be compared with the melting of metal nanoparticles. A similar 
phenomenon has been studied for the state of metal catalyst particles during carbon 
nanotube growth. The melting temperature of nanoparticles is depressed by the 
Gibbs-Thomson effect and by the formation of a eutectic with carbon.16 The melting 
point of Co nanoparticles ~30 nm in size is only 600 °C in a carbon containing 
environment.17 The existence of liquid phase of catalyst particles during carbon 
nanotube growth has been experimentally detected.18 However, the liquefaction may 
not have occurred homogeneously in this carbon–induced liquefaction as described by 
Harutyunyan et al..18 There might be some solid content in the middle of the Co 
islands even during the etching, but the Co at the progressive etching front (near 
Co-carbon interfaces at the etching edges) should be liquid, as observed for 
nanoparticle etching.19 
 During annealing, the Co islands migrate on the surface of the graphite and 
etching only initiates at certain locations on the graphite surface. The natural defects 
on the graphite surface represent preferential sites at which etching initiates. A similar 
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phenomenon was found by Shi et al. where the anisotropic etching only initiates at the 
step edge as well as at defect sites when they used hydrogen plasma to etch 
graphene.20 The surface defects of HOPG are known to bond the metal atoms strongly 
and form nucleation centers21 so that the drifting Co islands will be pinned at the 
defect sites. Because the defect sites are more reactive due to the existence of 
dangling bonds or lattice distortion,20 etching then starts from the defects. 
 To explore the evolution of this etching phenomenon and the effect of defects, 
defects were systematically introduced to the graphite surface. We spin-coated a layer 
of PMMA on the peeled graphite flakes and patterned a matrix of open holes (~ 1.5 
μm in diameter) by EBL. The PMMA acted as a protective layer during a light oxygen 
plasma treatment in a reactive-ion etching system (10 W RF power, 17 V substrate 
bias, for 10 ~ 20 seconds) to introduce defects at the exposed areas of the graphite 
surface. A 100 nm Co film was then deposited and lifted off, to create circles (1.5 μm 
in diameter) of Co over the plasma-exposed graphite. After annealing the samples at 
750 °C for 60 seconds in the CVD chamber filled with a 1:2 mixture of H2 and Ar 
(total gas flow rate of 200 sccm at a pressure of 20 Torr) to reduced any Co oxide, we 
increased the temperature to 800 °C in 20 s with other conditions unchanged and 
maintained for either 20 s or 40 s to perform the etching. This relatively lower 
temperature should lead to slower etching which allows us to capture the different 
stages of etching. In an attempt to freeze the shapes of most of the Co for further 
investigation, the sample was quenched to below 500 °C within a second by shutting 
down the heater power. As shown in Figures 4.2.1a and 4.2.1b, while etching did not 
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start simultaneously for all Co circles, the trend is clear. A Co circle balls up quickly 
during the early stage of annealing without etching (Position A) and then starts to etch 
the graphite surface (Position B). The Co extends to progressively etch the 
surrounding graphite (Positions C and D). Finally, the Co balls up leaving a regular 
etched pit (Position E). Position F shows a rare case where the Co film breaks up. 
This could possibly be due to rapid contraction during the quenching process. Figure 
4.2.1c shows a higher magnification SEM image of a typical etched pit where the Co 




Figure 4.2.1: a) and b) SEM image of graphite surface etched at 800 °C for 20 s and 
40 s, respectively. Scale bar: 1 μm. c) Typical balling up stage (800 °C for 40 s). Scale 
bar; 300 nm. d) Co balling up on unetched surface (800 °C for 40 s). Scale bar: 1 μm. 
(Nova NanoSEM 230 at 10 kV). 
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 Defects introduced by the O2 plasma are essential for initiating the etching. In a 
control experiment where Co circles were deposited without plasma treatment, the 
metal circles were found to ball up without etching under the same conditions (800 °C, 
40s) as shown in Figure 4.2.1d. Observations on a larger matrix of Co circles (Figure 
4.2.2) reveal that Co only etches the graphite surface at locations with natural defects 
or edges. The drifting of Co dots towards the defect site is clearly seen in some cases. 
This comparison supports our hypothesis that defects are the starting points of the 
etching phenomenon. Natural defects on graphite surface should play the same role 
when a continuous Co film is used. To substantiate our hypothesis that the etching 
starts from a defect in graphite, we deposited a matrix of Co circles of 1 μm diameter 
and 100 nm thickness. After the etching process in Figure 4.1.1, all the Co dots at the 
edge etch the graphite while only a few on the top surface showed any etching. Since 
the edge of graphite can be consider a structural defect, we can conclude that the 
etching initiates at a defect. The defect can be intrinsic (like an edge or structure 
defect on the surface). Note that drifting and joining of Co balls can still happen even 
when the Co ball is around 1 μm in diameter, which provides additional evidence for 
the mechanism discussed above.  
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Figure 4.2.2: The etching effect of Co dots patterned by EBL. Scale bar: 5 μm 
 
 As it is heated up, the Co film melts and breaks up into isolated islands. The 
melted Co balls migrate on defect-free graphite surface but tend to be pinned at 
surface defects. The etching starts and liquid Co extends to progressively etch the 
graphite. The etching follows a chemical process which is the same as found in 
nanoparticle etching of graphene, with metals such as Fe1 and Ni.2 The 
crystallographic etching of graphite is based on the catalytic gasification of carbon in 
a hydrogen atmosphere forming methane via the following reaction: 4 
C (solid) + 2H2 (gas) Æ CH4 (gas) 
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In this reaction, the Co serves as a catalyst. Actually, the metal-particle etching of 
graphite has been studied in detail in the 1970s. It was found that methane formation 
occurs in several stages with many metals and this was attributed to the different 
degree of crystallinity of the carbon used.22 The order of catalytic effectiveness was 
also explored, which is Rh ≥ Ru ≥ Ir > Pt > Ni ≫ Pd ≥ Co ≥Fe.22 In contrast, Cu, Zn 
and Pb, which are very potent catalysts for graphite oxidation, were inactive for the 
hydrogenation.23 Rewick et al. found that the rate of hydrogenation (indicated by the 
carbon mass loss) was proportional to the square root of the partial pressure of 
hydrogen when Pt was used as the catalyst.24 There are two possible reaction 
mechanisms. As reported by Keep et al., the adsorption of hydrogen takes place on 
the metal surface, followed by dissociation into atoms. These atoms then diffuse (by 
bulk and/or surface processes) to the leading graphite-catalyst interface and react 
there to form methane.22 However, this mechanism has shortcomings in that there are 
no reactants and produce pathway problems.25 A more likely mechanism is that 
carbon dissolves in the metal catalyst, and diffuses through it to its outer surface 
where it reacts with hydrogen (gas phase or sorbed) to form methane.22 This can also 
be understood as the effective reversal of catalytic carbon nanotube (CNT) growth.2 
Campos et al. found that the growth of CNTs competes with metal nanoparticle 
etching in graphene and they believe this is because at high concentrations of carbon 
the metal nanoparticles become supersaturated with carbon and can begin to expel 
carbon nanotubes.2 We also observed a similar phenomenon where some unexpected 
nubs appeared on the Co surface (Figure 4.2.1), possibly some carbon based 
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structures. As such the carbon dissolution mechanism is more plausible in explaining 
our experimental results. In addition, this catalytic hydrogenation reaction has a 
strong preference to etch the graphite anisotropically leaving zigzag edges as 
proposed by Zielke and Gorin.26 This is because this manner of etching does not 
require rearrangement of π-electron systems in the graphite lattice which would 
otherwise introduce large steric strain.27 
 In our experiments, the amount of Co use is considerably greater, allowing the 
formation of balls and shapes other than particles and results in relatively larger 
etched trenches filled with Co. A tensile force on the liquid Co is exerted from the 
evolving edges being etched, the origin of which should be the same as the driving 
force which induces particles to move along the etching channels in metal-particle 
etching. As discussed by Tomita et al., this force is much larger than the Van der 
Waals force between metal and the carbon atoms on a basal plane.27 There are several 
possible origins of such a directional force. In their discussion of crystallographic 
etching, Datta et al. suggested that crystallographic etching could be due to the 
favorable adhesion and wetting of the molten metal to the graphene edge along 
specific crystallographic directions.1,19 Another possible mechanism is 
crystallographic dependence of the metal particle-graphene reactivity. In other words, 
the reaction of carbon and hydrogen to form methane has lower activation energy 
along specific directions commensurate with the few layer graphene (FLG) lattice.1 
Schäffel et al.’s work also suggested that the metal near the edge of a graphene layer 
interacts with the dangling bonds at the edge. This interaction is stronger than with the 
 128
underlying graphene sheet. Once the hydrogenation reaction starts, the nanoparticle 
tends to maintain maximum contact with the step edge.4 All these possible 
mechanisms are also applicable in explaining our experimental results.  
   When the etching starts, the Co melts and extends to fill the etching pits because 
of the pulling force from the edges, which is balanced by the Co surface tension. This 
equilibrium could be disturbed and lead to Co detachment and balling up by 
fluctuations in the local environment, such as a variation in temperature or new 
defects encountered during the etching progress. Even in the absence of perturbations, 
the Co would not extend for ever due to its finite volume. Hence Co balls are 
observed only after prolonged annealing under etching conditions. As the pits become 
larger, the surface of the Co becomes concave, as a result of which the force from the 
surface tension tends to tear the Co from the graphitic edges (Figures 4.2.3a and 
4.2.3b). This force may cause the detachment of the Co from the etching edges of the 
graphite. As the Co balls up due to surface tension, the etched pits are exposed. In 
some cases, the Co ball is found to be attached to one of the edges (Figure 4.2.3e).  
This may arise from balled-up Co drifting on the basal plane of the etched pit until it 
meets an edge (Figures 4.2.3c and 4.2.3d), or inhomogeneous detachment from 
different edges of the pit. During cooling down, the arrangement of Co atoms is 
influenced by the underlying graphitic surface and the Co recrystallizes as an 
epitaxially-aligned single-crystal, in a process similar to that observed for silver 




Figure 4.2.3: a) – d) Schematic of the formation of the structure in e). e) Side view of 
an etched pit. Scale bar: 30 nm. (JEOL 2010F TEM at 200 kV). 
 
4.3 Realization and Characterization of Graphitic Ribbon 
 As discussed above, defects are the initiation sites for the etching, and the edges 
of graphite may be considered as defects. Two kinds of etched shapes by 
pre-patterned Co circles may be expected based on different edge orientations of the 
starting graphite flakes (Figure 4.3.1a). A graphite strip with zigzag edges should 
yield a trapezium etching front (Figure 4.3.1b). On the other hand, for a graphite strip 
with armchair edges, the etch front is a triangle with an enclosed angle of 120° 
(Figure 4.3.1c). From a different perspective, these two etching patterns are simply 




Figure 4.3.1: a) Schematic of selectively-etch many-layer graphene. b) and c) The 
etching shape of Co dots deposited on the graphite edges through EBL patterning. 
Scale bar: 500 nm. 
 The etching mechanism could be exploited in the fabrication of graphene 
nanoribbons. We started with multi-layered graphite (around 60 layers) that can be 
etched through to the substrate and yet sufficiently thick to provide adequate pulling 
forces from the edges being etched. Many-layer graphene was peeled onto a Si/SiO2 
substrate which was then coated with 600 nm PMMA. The graphite flake was 
patterned into long strips of ~1 μm width aligned parallel to a natural edge of the flake 
so that the edges of the strips should be roughly parallel to either an armchair or 
zigzag edge direction, as follows. Rectangular windows were opened on the PMMA 
layer using EBL. The exposed parts of many-layer graphene were then removed by 30 
seconds O2 plasma at a power of 50 W with 150 V substrate bias (Figure 4.3.2a). The 




Figure 4.3.2: a) PMMA protected O2 plasma etching. b) After PMMA dissolution by 
acetone. Scale bar: 10 μm 
 
 Co circles of 1 μm diameter and 100 nm thickness were then deposited at the 
edge, following a second EBL process, to etch the graphene layers. Compared to 
edges produced by O2 plasma from SEM images, the Co etched edge is much 
smoother, as shown in Figure 4.3.3a. In order to gain insight into the chirality of the 
edge of such many-layered graphene etched by Co, Raman analysis was performed on 
the structure as fabricated, using a WITecCRM200 Raman system with 532-nm (2.33 
eV) excitation and laser power at the sample below 0.1 mW to avoid laser-induced 
heating.29 The diameter of the focused laser spot is ~500 nm and Raman spectra were 
taken at positions indicated in Figure 4.3.3a. The ID/IG Ratio is much higher at the 
edge that had been etched by O2 plasma than at the edge formed by Co etching 
(Figure 4.3.3b). Since the D peak located around 1351 cm-1 reveals the structural 
defects of such material, the defect level of Co-etched edge is significantly lower than 
that of the edge produced by oxygen plasma etching which is known to introduce 
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structural disorder30 and amorphization at the etched edge of graphene layers.31  
 
Figure 4.3.3: a) SEM image of a typical etched sample. Scale bar: 500 nm. b) Raman 
spectra taken at positions indicated in a). 
 
 By using this method, we successfully fabricated a ribbon structure around 100 
nm in width as shown in Figure 4.3.4. We performed Raman mapping of the intensity 
of G-peak (Figure 4.3.4b) and D-peak (Figure 4.3.4c) with dwell time of 1 second and 
step size of 200 nm. In Figure 4.3.4b, the map of G peak indicates there is a ribbon 
structure between two parts of the belt structure. In Figure 4.3.4c, there are D peak 
signals at the edges produced by O2 plasma while there is almost no D peak intensity 
at the edges fabricated by Co etching. This result suggests the Co etched edge is a 
zigzag edge of low defect32 because any existence of armchair segments along ± 30° 
with respect to the zigzag edge direction would present observable D peak.33-34 Note 
that our sample contains around 60 layers of graphene, which means that the Co had 
cut through the entire stack of graphene layers with sub-nm roughness or better. In 
this experiment, the gap between the two adjacent Co circles deposited to etch the 
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graphene layer is around 200 nm, and the width can be easily reduced to a much 
narrower range by starting with a smaller gap width. This result provides a 




Figure 4.3.4: a) Schematic of FLG strip originally defined by oxygen plasma prior to 
etching by Co film at positions indicated; (b) Raman map showing the intensity of 
G-peak, and (c) D-peak. Scale bars: 1 μm 
 
 In addition, we repeated the same process with peeled few-layer graphene (2 – 3 
layers) and single-layer graphene flakes. Since the pulling forces to balance the 
surface tension of Co decrease as the number of graphene layers reduces, the etching 
edges are no longer as sharp nor as straight when observed at higher magnification 
(Figure 4.3.5).  Nevertheless, the D peaks at the Co etched edges are still quite weak 
in the Raman map (Figure 4.3.6). Based on the phenomenon observed, we postulate 
that when the number of graphene layers is insufficient, the Co will detach gradually 
but not uniformly from the edge of the graphene layers due to the low collective 
pulling force from the edge. Although the etched edges appear to be irregular, they 
should be composed by small saw-tooth structures with 60° or 120° turns. All the 
edges should share the same zigzag chirality.6 
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Figure 4.3.5: a) Co on peeled few-layer graphene strip. Scale bar: 5 μm. b) Higher 
magnification SEM image of a) Scale bar: 1 μm. c) Peeled single layer graphene. 
Scale bar: 10 μm. d) After O2 plasma, Co deposited before etching. Scale bar: 10 μm. 
 
 
Figure 4.3.6: a) G-peak map of etched single layer graphene in Figure 4.3.5.  b)  




 In conclusion, we observed how relatively larger amount of Co etches the 
graphene layers in graphite. The morphology and chirality of the etched edges have 
been carefully studied. By applying the phenomenon and etching mechanism 
proposed, we successfully fabricated graphitic ribbon structure composed by purely 
zigzag edges. The high selectivity of the chirality of the etched edges and the ability 
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Chapter 5 Conclusions and Future Work 
5.1 Conclusions 
 In this thesis, two approaches to realize graphitic ribbons, based on bottom-up 
and top-down strategies, have been developed and studied. 
 By adopting a bottom-up strategy, a closed-edge graphitic ribbon structure, or 
more specifically, a collapsed graphene tube structure can be readily fabricated by a 
two-step technique. This method involves chemical vapor deposition of graphene 
layers onto Ni nanowire templates, followed by removal of the Ni core using wet 
chemical etching. By fine tuning the growth parameters, such as temperature, pressure 
and flow rate, high quality tubular graphene layers were deposited on the surface of 
Ni nanowire templates as confirmed by Raman spectrum analysis. Unlike carbon 
nanotubes that are synthesized via conventional routes, the number of graphene layers 
is determined by the growth time (carbon precursor feeding time) and is independent 
of the tube diameter and tube length, which follow those of the nanowire template. 
This allows us to realize large-diameter tubes with shells comprising a few or many 
layers of graphene as desired. The resultant core-shell structure was carefully 
examined in the TEM in which the graphene layers were found to smoothly follow the 
contour of the wire surface and showed no obvious breakage or wrinkles even when 
they bridge across the grain boundaries of the polycrystalline Ni nanowire templates. 
Selected area electron diffraction analysis further indicates that the graphene layers 
grown are indeed well-crystallized.  
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 Based on the experimental observations, we proposed a multi-step graphene 
growth mechanism instead of the widely-accepted carbon dissolution/precipitation 
mechanism. Initially, the carbon containing precursors decompose catalytically at the 
hot Ni wire surface forming radicals or amorphous carbon. Only a small portion of 
carbon will dissolve into the Ni nanowire due to limited volume of Ni and its low 
carbon solubility, while most of the carbon atoms nucleate at reactive sites on the Ni 
surface, such as Ni grain boundaries, leading to formation of graphene islands. These 
islands progressively grow larger from their reactive edges on the Ni nanowire surface 
and the resultant graphene flakes join each other, forming the first continuous 
graphene layer. A new step edge could form when a flake starts to overlap another and 
act as a reactive site for subsequent graphene layer growth.  
 In the last step, the Ni core was removed by wet chemical etching using FeCl3 
with a PMMA layer supporting the graphene tube externally. After removal of the 
PMMA, a closed-edge graphitic ribbon was realized. FET measurements made on a 
device structure based on this ribbon. An electric field effect was observed with a 
minimum conductance at a gate voltage around 12 V, which is due to unintentional 
p-doping arising from the fabrication process. Furthermore, a broad trough is 
observed in the conductance curve as the gate voltage was varied from 5 V to 20 V 
because of the weaker capacitance coupling of such a tubular structure. 
 We explored an alternative strategy to derive graphene ribbons by etching 
graphite/graphene. Inspired by nanoparticle etching, we used relatively larger amounts 
of Co rather than nanoparticles to etch graphite into graphitic ribbon structures 
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through a catalytic hydrogenation process. Co islands from thin film annealing and 
prepatterned Co circles were used to etch graphite at elevated temperature in a 
hydrogen environment. The Co could etch graphite from defective sites and edges, 
forming regular polygonal etched pits enclosed by sides with relative orientations of 
60° or 120°. The evolution of the Co etching process shows that Co etches the 
graphite surface and fills in the etched pits which then progressively enlarge before 
the Co balls up as a result of surface tension effects. The morphology of Co etched 
graphite edges and graphite/Cobalt interfaces were investigated in the TEM and they 
both show comparable smoothness as nanoparticle etching. Through Raman spectrum 
analysis of the etched edges it was determined that the etched edges are of zigzag 
chirality. By introducing artificial defects on the graphite surface, we demonstrated 
the ability to define where etching should occur. 
  The graphene/graphite flake edges were also found to be reactive for such 
catalytic etching. Triangular and trapezium etch fronts with enclosed angles of 120° 
were realized, based on the edge orientations of starting graphite flakes, using 
pre-deposited circles of Co with 1-2 μm in diameter placed at the edges. This 
approach allows us to determine the position and shape of the resultant etch, which is 
not achievable by the existing nanoparticle etching techniques. We demonstrated the 
fabrication of graphitic ribbon structures with zigzag edges. These graphitic ribbons 
thus fabricated can possibly be isolated and transferred to other substrates through a 
combination of layer isolation and layer transfer techniques. 
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5.2 Future Work 
 Based on the work on graphene growth on Ni nanowire templates in this thesis, 
there are several aspects that deserve further effort aiming towards single-layer and 
narrower graphene ribbons. Firstly, the template material need not be limited to Ni. In 
principle, all the metals that have been demonstrated to be good substrates for planar 
graphene growth could also be potential choices. Secondly, single-crystalline 
nanowire templates could provide better graphene layer continuity and quality. 
Considering the self-limited graphene growth mechanism on Cu which allows easier 
layer number control, single-crystalline Cu nanowires could be explored as a possible 
candidate. Although polycrystalline Cu nanowires melted during graphene growth, as 
discovered in the course of the present work, single-crystalline Cu should be more 
resistant to spheroidization. Thirdly, the diameter of the nanowire template could be 
further reduced to obtain narrower graphene tubes, but there should be a compromise 
between the melting temperature and diameter of the templates. In addition, the 
pre-alignment of the nanowire templates will be required to demonstrate the ability to 
realize a matrix of collapsed graphene tubes at predefined positions, with a view to 
scalability for manufacturing.  
 Furthermore, improved processes to remove the nanowire cores should also be 
developed. Alternative metal template etchants could be used to reduce possible 
residues that could be entrapped within the tube. On the other hand, developing an 
approach to unzip the graphene tube is of equal importance. There are several possible 
methods mentioned in this thesis, such as plasma-assisted etching and some chemical 
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routes using oxidants. A study of the electrical characteristics of the resultant 
graphene ribbons should also be conducted alongside development efforts.  
 There is also a considerable amount of follow-on research and development to 
develop the approach of etching graphite using Co. First of all, much thicker patterned 
catalysts than adopted in this thesis could be used to control the shape of the etched 
pits. Although the present work has demonstrated a strategy to control the position of 
the pits by artificially introducing defects within circular areas on the graphite surface, 
the final shapes are random polygons (irregular hexagons, triangles, and mixtures of 
both) enclosed by sides with either 60° or 120° relative orientations. This is because 
the relatively thin Co patterned films used tend to ball up in the middle of area 
enclosing the defects before etching could progress beyond the boundary of the 
defective area. With thicker Co patterned into triangles, hexagons or trapezoids whose 
edges follow the principal directions of the underlying graphite, etching would not 
only extend beyond the boundaries of the defective area, but the resultant extension of 
the Co film may be expected to follow the shape enforced by the original pattern. By 
tuning the etching temperature and duration, the shapes of etched pits could then be 
controlled. 
 Along a similar vein, repeating the graphitic ribbon fabrication using the method 
of etching from the edges of pre-defined graphite strips, but with high resolution 
definition of the metal could lead to narrower etched graphitic ribbons. Although our 
initial work in this thesis has demonstrated the possibility of the 
etching-isolating-transfer flow, repeatable layer isolation and transfer of single/few 
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etched layers to a device substrate is an essential development before this method can 
be considered as a viable approach to device fabrication. In addition, as sub-10nm 
graphitic ribbons are required to open a significant bandgap in graphene, further 
etching of the achieved graphitic ribbons from the edges using H2 plasma could also 
be performed. This method could be conducted on either the isolated and transferred 
ribbons or directly on Co etched SLG/FLG structures in this thesis. Based on GNRs 
achieved, follow-on electrical characterization is necessary after integrating the GNRs 
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